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Abstract
Full-duplex (FD) communication is considered to be a promising technology to address
the problem of radio spectrum congestion due to the increasing demand for wireless
communication services. This thesis investigates the problem of asymmetric data flow
between downlink and uplink in a system with symmetric radio resource allocation, i.e.
FD. The aim is to devise a model by exploiting the coupling nature of FD downlink
and uplink transmission powers to maximise the downlink data rate while ensuring the
quality of service (QoS) of uplink transmission.
Whilst the aim is to maximise the spectrum efficiency gain that can be achieved with
FD enabled cellular networks, this thesis presents D-MAC: a novel distributed MAC
protocol. D-MAC allows interfering nodes to cooperate and implement an interuser
interference estimation mechanism to gather the interference information with mini-
mum overhead. Furthermore, D-MAC includes interference aware joint user equipment
(UE) scheduling and power allocation methods. Computing the optimal resource al-
location and transmission rates is non-linear, non-convex combinatorial optimisation
and achieving a globally optimal solution is not possible in practice. Therefore, D-
MAC uses a low complexity iterative approach for resource allocation and ensures that
channel bandwidth is shared fairly across all UEs.
Finally, a detailed evaluation of D-MAC performance is presented and compared to
the half-duplex (HD) system, FD system with round robin and FD system with ex-
haustive search. It is shown that the D-MAC achieves as much as 62% throughput
improvement compared to an HD system with symmetric traffic model and 49% with
asymmetric traffic model in an outdoor multi-cell scenario under the limits of practical
self-interference cancellation. Further, D-MAC also reduces the round-trip propagation
delay, involved from the point at which the UE sends the request to the base station
to the point at which the UE realize the result of contention.
Key words: Full-duplex, MAC layer, self-interference cancellation, resource allocation,
power control
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Chapter 1
Introduction
The globalization of world has led to development of an efficient communication network
that facilitates the connections between remote places and devices around the world.
Continuous development in technologies addresses the increasing demand of mobile
communication. It is about recent past that internet was used only for specialized
tasks by skilled users. However, internet has now become a commodity for all people to
carry out their day-to-day tasks. This evolution in user behavior increased the user base
extensively, consequently, increasing subscriptions to mobile broadband systems. With
this dramatic growth, the speed of internet is crucial to address the rising demand of
instant communications and information sharing. Faster internet enables the emerging
wireless applications which require higher data transfer rates, high spectral efficiency,
improved computing and better mobility.
The exponential growth in data traffic raises the significance of network capacity en-
hancement feature in future fifth generation wireless communication systems (5G). To
serve the expected increase in data traffic, major breakthroughs in wireless communi-
cation technology are expected to evolve in the coming five years [2] [3].
1.1 Scope and Challenges
The 5G networks are expected to provide significantly higher capacity, compared to the
previous generations of mobile communication systems, to meet increased user demand
for high data rates [4] [5]. In the interest of handling high data rate demands and
providing a complete service structure to end users, mobile operators have invested in
1
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various solutions. Similarly, the research community has proposed several techniques
to handle hot-spots and improve the system performance of current wireless networks.
It has been suggested that the deployment of heterogeneous networks (HetNets), com-
prised of large cells and densely deployed small cells, is a promising solution for future
5G networks [6].
However, deployment of HetNets on a large scale will result in increased configuration
and management complexity. This has spurred researchers to review their objectives
and search for communication technologies that can exploit the radio spectrum in a
more flexible and intelligent fashion. These objectives mainly include improving channel
utilisation, reducing power consumption, improving packet delivery ratio, reducing the
probability of collision and end-to-end delays. In achieving these targets, the full-duplex
(FD) concept has gained strong attention due to its ability to double the capacity of
conventional half-duplex (HD) systems, using the same radio resources.
The main idea behind FD transmission is to enable wireless terminals to transmit and
receive simultaneously on the same frequency band and time slot. This is in contrast
to HD operation of wireless terminals in which either time division duplex (TDD)
or frequency division duplex (FDD) is generally utilised for orthogonal transmission.
However, TDD or FDD orthogonal transmission can lead to decreased spectral effi-
ciency. Ideally, using FD transmission means that wireless communication systems can
potentially double their spectral efficiency relative to HD operation.
The basic advantages offered by FD transmission can be summarised as follows:
• Double ergodic capacity: Due to the possibility of simultaneous utilisation of
radio resources in both time and frequency domain, FD systems has the potential
to theoretically double the link capacity as compared to traditional HD systems
[8–10].
• Reduced feedback delay: FD transmission makes it possible to receive the
feedback information (i.e., control information, packet acknowledgment (ACK),
channel state information (CSI) ) during data transmission which enables shorter
air interface delays [10].
• Reduced end-to-end delay: FD enabled relay systems has the potential to
reduce end-to-end delay by receiving the data from a source node and transmitting
that to a destination node at the same time and frequency [11,12].
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• Improved network secrecy: FD transmission make it hard for an eavesdropper
to decode the received signal due to the mixed signal from the two transmitter
nodes [13–15].
• Increased spectrum usage flexibility: With FD enabled wireless transmis-
sion systems, each transceiver has the ability to use either the FD or the HD
transmission mode, resulting in increased spectrum usage flexibility [16–19].
Despite the above-mentioned benefits provided by FD transmission, it has not come into
widespread use due to the inherent self-interference (SI) which results in performance
degradation [20]. SI occurs when a part of the transmitted signal leaks or couples to the
collocated receiver. As the distance between the transmitter and receiver is not large
enough, the SI is significantly stronger than the desired signal [21]. To support the
FD operation, transceiver technology needs to be capable of isolating its own receiver
from the SI. In recent years, FD communications have attracted considerable attention,
with a number of techniques being developed to accommodate the main challenges in
enhancing SI cancellation and broadening the bandwidth [22] [23] [24] [25]. These
solutions, although implemented with discrete components using test equipment, con-
stitute a promising and encouraging step towards practical deployments of FD wireless
systems.
No doubt, SI cancellation method at the physical layer (PHY) is capable to mitigate
the SI and provide promising throughput gains. The real benefit of FD transmission
can be extracted by exploiting the simultaneous transmission nature of FD at higher
layer protocols e.g. MAC layer protocols [22, 26, 27]. However, designing an efficient
MAC protocol for FD system is still a challenging task due to a number of issues that
still remain to be resolved, some of them are summarised as follows:
• Residual SI: In FD system, the distance between the transmission nodes are
relatively larger than the collocated receiver [28]. As a result, the power of the
desired signal is significantly lower than the SI power. The power difference in-
creases exponentially with the increase in the distance between two transmitting
nodes. It has been seen in the literature that the SI power can be 99 dB stronger
than the desired receive signal [22,28,29]. Furthermore, along with SI, reflected in-
terference signals which are partially obstructed by nearby obstacles also exist. In
practical systems, the SI cannot be perfectly canceled due to multiple factors i.e.,
non-linearity of hardware components, the inefficiency of estimation algorithms,
1.1. Scope and Challenges 4
reflected interferences and inaccuracy of cancellation techniques [22, 23, 29–31].
The FD MAC needs to mitigate the effect of residual SI while allocating the
radio resources.
• Compatibility with existing HD nodes: In order to incorporate FD system
in existing cellular infrastructure, the backward compatibility of FD with HD
protocols is an important issue. Furthermore, when implementing FD system,
the protocols need to take care of HD node as well. For example, in a protocol
that mitigates hidden node problem, if the primary node is FD capable, the
secondary node should have a mechanism to identify the mode of operation,
otherwise, secondary node transmission suffers strong interference and result in
performance degradation [26]. Moreover, in hybrid systems with both FD and
HD enabled nodes, the channel access protocol i.e. MAC should provide fairness
between FD and HD transmission.
• Increased interference: With the FD system, the spectral efficiency of the
system increases considerably due to the use of entire frequency band for both
downlink and uplink transmission. However, such in-band transmission increase
the aggregate intracell and intercell interference. This is due to the fact that
FD transmission enables two transmitters active in each cell at a same time
and frequency. As the UEs and BS in the neighbouring cells are transmitting
simultaneously, the interferers become double and the aggregated interference
increases as well [32, 33]. Thus, estimating the accurate interference at UE’s
with least overhead is of paramount importance. The FD MAC protocol should
ensure an appropriate mechanism with which to estimate and collect interference
information from the UEs.
• Increased complexity and consumed power: In traditional HD system, half
of the resource are utilized for transmission and another half for the reception
i.e. TDD and FDD transmission. However, in FD systems, the transmission and
reception have to be performed on all the resource. Therefore, FD systems re-
quired more power than traditional HD system. Furthermore, in FD devices, the
SI cancellation circuits employed for the cancellation of SI components from the
desired signal also required additional energy compared to HD systems. There-
fore, it is necessary to provide power-efficient solutions for FD enabled systems
from the circuit level to the protocol level [34].
Apart from the aforementioned issues, it has been mentioned in existing studies that
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hybrid scheme that allows switching between FD and HD transmission is required to
adaptively exploit the radio resources as FD performance is limited due to a limitation
in cancellation algorithms [35]. In the view of above discussion, the FD MAC layer
protocols require substantial research in order to fully reap the benefit of FD trans-
mission characteristics that maximize both the instantaneous and the average spectral
efficiency. FD transmission has the potential to provide a significant improvement in
system performance of the current wireless system when coupled with other advanced
techniques in modulation, coding and interference management. With the recent ad-
vancement in the transceiver technology that enables SI cancellation, the possibility of
redesigning wireless communication systems with FD transmission is considered to be
a promising step forward. Furthermore, with the concept of using small cell in future
wireless networks, the SI cancellation problem becomes much more manageable due
to the reduced transmission power and path loss. Due to which, renewed interest has
sparked in FD transmission.
1.2 Objectives and Contributions
This thesis investigates the performance of FD transmission in networks of small cell
wireless systems and present medium access control (MAC) protocol, specifically de-
signed for FD cellular networks. The major contributions of this thesis are as follows:
• The first object of the thesis is to investigate the implications of FD transmission
on the current wireless network design and to explore the potential benefits that
the technology can provide. Obviously, the immediate benefit that FD provides is
the doubling of network throughput. However, exploiting the bi-direction nature
of FD also enables to simplify the design of current wireless network in term
of control plane and provide spectrum flexibility as well. On the contrary, FD
also imposes challenges in terms of increased intracell and intercell interference
that impact significantly on system level design of wireless networks, particularly,
at MAC layer. Furthermore, the study also highlights various applications of
FD transmission and the gains made possible by those applications. This will
open new research avenues for the community to tackle some of the key research
challenges in the area of FD communication and helps achieve the high-quality
realization of such networks.
• The second objective of the thesis is to address the problem of asymmetric data
flow between downlink and uplink in a system with symmetric radio resource
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allocation, i.e. FD. When downlink and uplink traffic is asymmetric, symmetric
radio resource systems would result in under utilisation of radio resources due
to the possible unavailability of data traffic. The goal is to investigate the link
level features and design a cross-layer model to accommodate asymmetric traf-
fic in FD wireless networks. The proposed model exploits the coupling nature
of FD downlink and uplink transmission powers to improve the downlink data
rate while maintaining the uplink quality of service (QoS) requirements. The
model also takes into account the underlying PHY characteristics, i.e. signal-to-
interference-plus-noise ratio (SINR) and network layer transmission buffer while
accommodating asymmetric traffic. Simulation results show that the proposed
cross-layer model significantly improves downlink data rates and overall system
performance. To the best of the author’s knowledge, this is the first work on
asymmetric traffic accommodation in FD wireless networks.
• The third objective of the thesis is to investigate how much of the potential
spectrum efficiency gain can be practically achieved in the resource-managed FD
wireless network. Due to the SI and interuser interference, the problem of resource
allocation in FD is coupled between uplink and downlink channels and has to be
optimised jointly. Moreover, in order to maximise FD transmission rates, there
is a need to estimate the interuser interference at UEs. The main challenge
in designing an appropriate estimation mechanism is to minimize the overhead
imposed by the information exchange protocol. Furthermore, in order to make
the best resource allocation decisions, the accurate estimation of interference is
another challenge that need to be addressed. Moreover, the message exchange
protocol should be designed to exploit the FD nature and reduce the channel
access delay as well.
To this end, the thesis presents D-MAC: a novel distributed MAC protocol for
FD cellular networks. The design of D-MAC includes frame and control packet
structure, message exchange protocol, interuser interference estimation method,
resource allocation and an adaptive modulator for sum-rate maximization of spec-
tral efficiency. D-MAC is based on orthogonal frequency-division multiple access
(OFDMA) and computes the optimal schedule and transmission rates in order
to mitigate the effect of intracell and intercell interferences. Furthermore, D-
MAC also ensures that channel access time is shared fairly among all users and
significantly reduces channel access delay.
• Finally, the last objective of the thesis is to evaluate and validate the perfor-
1.3. Research Publications 7
mance of D-MAC. The key research aim is to investigate the trade-off between
network density, spectrum efficiency, fairness, and complexity as a function of the
increasing intracell and intercell interference due to FD transmission. The spec-
trum efficiency of the FD system using D-MAC is compared to that of the HD
system, FD system with round robin and FD system with exhaustive search. The
simulations are performed with both symmetric and asymmetric traffic models in
single-cell and multi-cell scenarios. Furthermore, detailed fairness and complexity
analysis is also presented. These results are obtained for different system settings
and the respective interpretations are discussed in detail.
1.3 Research Publications
Research work carried out during the course of this Ph.D. has resulted in the publica-
tions listed below. Published material which has been added in this thesis is indicated
in Section 1.4.
C.1 Malik, H.; Ghoraishi, M.; Tafazolli, R., “Cross-layer approach for asymmetric
traffic accommodation in full-duplex wireless network ”, in European Conference
in Networks and Communications (EuCNC), 2015 pp.265-269.
C.2 Malik, H.; Ghoraishi, M.; Tafazolli, R., “Intracell and intercell interference avoid-
ance algorithm for full-duplex enabled small cells ”, in International Conference
of Communication (ICC) workshop, 2017.
1.4 Thesis Organisation
The content of this thesis is structured as follows:
Chapter 2 provides a background on the fundamental concept of FD and highlights
the envisaged gains from FD MAC deployment in relay networks, cognitive radio
networks, device-to-device communication, and backhaul networking. Further,
the chapter also introduces the general requirements and research challenges of
designing MAC protocol for FD enabled wireless networks. At the end, a com-
prehensive comparison of proposed FD MAC protocols for cellular networks in
the literature is presented.
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Chapter 3 provides link level analysis of the FD transmission and highlights the PHY
features that can be exploited to improve the overall system gain and help accom-
modate asymmetric traffic during FD operation. This chapter also introduces a
cross-layer model capable of accommodating asymmetric traffic in FD networks.
The proposed model considers the power and rate allocation for downlink and
uplink users based on the observation of SINR from the PHY and uplink traffic
buffer. FD transmission characteristics are exploited in order to maximise the
downlink data rate for asymmetric traffic. The problem formulated is a multi-
variable linear programming problem with constraints, solved with the help of
the simplex method. The model is then further analysed for a pareto optimal
solution. The results of the proposed model are then compared with traditional
HD system. Simulation results prove that the proposed model not only accommo-
dates asymmetric traffic but also improves the overall system throughput while
maintaining the QoS.
Chapter 4 presents D-MAC: a distributed MAC protocol for FD enabled small cell
cellular networks. The main components of D-MAC include message exchange
protocol, control channel frame structure, interuser interference estimation, ra-
dio resource allocation and channel adaptive modulator. The main objective of
D-MAC is to reduce the channel access delay and improve the radio resource
spectral efficiency by exploiting the FD transmission characteristics. Due to the
different sources of interference and the coupling between simultaneous downlink
and uplink transmissions, the resource allocation problem is formulated as a joint
uplink and downlink sum-rate maximisation. As the problem is non-convex, a
sub-optimal iterative algorithm, is presented, carefully considering the time com-
plexity for a practical system.
Chapter 5 presents the performance evaluation and validation of D-MAC. The per-
formance analysis in this chapter will help to differentiate the gains that can be
achieved with an FD UE pairing, power optimisation and adaptive modulation
in different system scenarios, interference topologies and traffic models. Further-
more, a detailed fairness and complexity analysis is also presented. Simulation
results indicate that D-MAC significantly improves the spectral efficiency gain
of FD system compared to the other systems under consideration. Moreover,
results highlight that D-MAC ensures fairness and has significantly lower com-
plexity. Therefore, it can be applied feasibly in a practical network.
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Chapter 6 concludes the thesis with key results and contributions, providing a holistic
overview of the author’s achievements while highlighting the remaining challenges
and shortcomings. It also discusses future research directions and highlights po-
tential applications that could benefit from this study.
Chapter 2
Background and State of the Art
Recent advances in SI cancellation techniques have enabled in-band FD transmission
which results in bi-directional communication at same frequency and at same time.
However, to exploit the full benefits of FD transmission, MAC layer issues such as
interuser interference, residual SI, the coupling of downlink and uplink transmission,
fairness between HD and FD users, opportunistic selection of different modes of trans-
mission, i.e. FD or HD, need to be resolved. To this end, this chapter aims to discuss the
potential benefit of FD and also highlights the challenges with their essential solutions
to enable the implementation of practical FD wireless network. It is worth mentioning
that although researchers have surveyed FD wireless networks [36,37], the scope of [36]
and [37] does not focus on MAC and the problems that are inherent in its design. They
have conducted thorough surveys of the SI cancellation techniques proposed for FD
wireless networks. The main contributions of this chapter are as follows:
• Discuss FD transmission and its potential applications in the context of relay
networks, cognitive radio network (CRN), device-to-device (D2D) communication
and backhaul networking.
• Identify the requirements of MAC protocol design for FD wireless networks. Fur-
thermore, considering the current trend of the development in communications
networks (e.g., small cells, heterogeneity, spectrum scarcity, etc.), research chal-
lenges like asymmetric traffic distribution, interference management, radio re-
source allocation, energy consumption, etc., are also discussed from the perspec-
tive of FD communication.
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• Finally, a comprehensive comparison of the existing MAC protocol for FD wireless
network is presented.
This chapter explains the rationale behind the design of MAC protocol and helps es-
tablish a better understanding of FD wireless networks. The rest of the chapter is
organised as follows. Section 2.1 presents the basic principle of FD communication and
draws a comparison with existing duplexing schemes i.e., TDD or FDD. Section 2.2
describes the benefits of FD communication and highlights the application of FD in
different wireless networks. Section 2.3 discusses the requirements of MAC protocol de-
sign in the context of FD wireless networks. The research challenges for MAC protocol
design that need to be resolved in order to fully reap the benefit of FD communication
are presented in Section 2.4. Section 2.5 presents a comprehensive comparison of pro-
posed FD MAC protocols in the literature. Finally, the concluding remarks are drawn
in Section 2.6.
2.1 Introduction
In traditional communication systems, bi-directional communication takes place with
the use of duplexing methods. Duplexing methods refers to the division of transmission
and reception on the same physical communication channel. In current wireless sys-
tems, the simultaneous transmission and reception is not possible on the same physical
channel, however, the switching between the two phases is done so fast that it is not no-
ticed by the users. Mobile communication systems commonly use two basic duplexing
techniques which are as follows: [38]
• Frequency division duplex (FDD)
• Time division duplex (TDD)
In FDD, simultaneous transmission and reception is achieved by dividing the frequency
band into two partial bands. One of these partial band is used for transmission while
the other is used for reception. However, to ensure that the simultaneous use of partial
bands does not experience interference, a guard band is used. On the other hand,
in TDD, the same frequency band is used for both transmission and reception, and
duplexing is achieved by switching in time between uplink and downlink. However, to
ensure an interference-free transmission, a guard time is also required [38]. Table 2.1
presents a detailed comparison between traditional duplexing techniques and FD.
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Table 2.1: Comparison between FDD, TDD and FD [1]
FDD TDD FD
Requires paired spectrum
with different frequencies
Requires single spectrum Requires single spectrum
Both the downlink and
uplink are always available
Downlink and uplink are
not available at same time
Both the downlink and
uplink are always available
UL/DL ratio: Symmetric UL/DL ratio: Asymmet-
ric
UL/DL ratio: Symmetric
Uses a duplexer and/or
two antennae that re-
quire spatial separation to
provide isolation between
transmission and recep-
tion
TDD systems reuses the
filters, mixers, frequency
sources and synthesisers,
thereby eliminating the
complexity associated
with the isolation
FD uses SI cancellation
to provide isolation be-
tween transmission and re-
ception
Requires a guard band be-
tween transmit and re-
ceive channels
Requires a guard slots be-
tween uplink and down-
link
Does not require any
guard band or guard slots
Needs two interference
free channels
Needs one interference free
channel
Needs one interference free
channel
The existence of FD capable terminals in wireless networks enables bidirectional com-
munication at the same time and frequency. However, in a wireless network, the prob-
lem of SI arises when a node transmits and receives simultaneously in the same fre-
quency band [20–22, 28, 39]. SI occurs when part of the transmitted signal leaks or
couples to the collocated receiver. Thus an FD receiver sees strong in-band interfer-
ence. To support the FD operation, transceiver technology needs to be capable of
isolating its own receiver from the SI. In recent years, FD communications have at-
tracted considerable attention after the realisation of SI cancellation techniques in the
analogue, digital and hardware domains. The mechanism for SI cancellation in [22]
was the first to realise a practical FD transceiver. These striking results proved for the
first time that an SI cancellation gain of 70 dB can be obtained combining of these
techniques. Later on, an SI cancellation technique using a multiple antennae technique
was proposed in [23] [24]. These solutions, constitute a promising and encouraging step
towards practical deployments of FD wireless networks.
The capability of network nodes for simultaneous transmission and reception at the
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same radio resources can be exploited at higher layers such as the MAC and network
layers. The capacity gain achieved with FD transmission supported by novel MAC
protocols can be even higher than the theoretical link capacity improvement. The
possibility of control information transmission along with data transmission can result
in protocol overhead reduction and significantly improve spectrum gain. This requires
a fundamental rethinking of the ways wireless networks are designed.
2.2 Full-duplex MAC potential
The application of FD principles in the wireless network provides design opportunities
for capacity increase and reliability enhancement. The current wireless network oper-
ates in the HD mode making simultaneous transmission and reception not practicable.
The FD transmission provides an additional degree of freedom for the protocol design,
since the constraints of conventional HD protocols, e.g. the use of strictly frame struc-
tured signals for bidirectional transmission, are no longer required. However, in HD
mode, collision detection is unfeasible. If a transmission collision happens, it lasts for
the entire packet, resulting in long collision time. As a result, carrier sense multiple
access with collision avoidance (CSMA/CA) is commonly used in which the sender
only transmits when it senses an idle channel. However, sensing the channel at the
beginning of a transmission does not guarantee a collision-free emission. Indeed, it is
possible for two stations to simultaneously sense the idle channel and start transmit-
ting at the same instance. For this reason, the CSMA/CA protocol introduces an ACK
message for each delivered MAC frame. However, in FD enabled transceiver there is
not such limitation, and therefore, it is possible to design a real-time collision detection
algorithm within MAC protocol.
Moreover, the simultaneous transmission provides true channel reciprocity. Uplink and
downlink channels become truly reciprocal (apart from the effect of possible transceiver
non-reciprocal responses). It has to be noted that, since uplink and downlink trans-
missions occur at the same time, scheduling in both directions are tied together. Si-
multaneous uplink and downlink transmission will help to transmit control information
alongside data in the opposite direction or can act as an effective feedback channel.
This can improve PHY functionalities such as detection capabilities with timely chan-
nel estimation information, and reduce the access protocol overhead by immediate
acknowledgements. This will help to significantly improve channel access delays and
spectrum utilisation. FD transmission can also help reduce MAC congestion, especially
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in star topology multi-hop networks. Compared to HD, FD allows more users to be
served simultaneously in an infrastructure based network, such as cellular networks.
2.3 Requirements of MAC protocol for full-duplex net-
works
Maximizing network performance and minimizing delay are the common objectives
of FD network research, since FD nodes are assumed to be under strict interference
constraints. Under these circumstances, the proposed MAC protocol must be able to
accomplish certain targets, as detailed below:
2.3.1 Throughput
Throughput is “the fraction of the channel capacity used for data transmission” [40].
It is affected by many parameters, e.g. collision avoidance, control overhead, channel
utilization and latency. FD networks have natural tendency to double the link capacity
compared to the conventional HD networks by reducing the spectrum usage by half.
However, the nature of simultaneous transmission and reception at the same radio
resources should be utilized optimally at MAC to improve the spectrum utilization and
achieve high throughput gain.
2.3.2 Delay
Delay for MAC is defined as “the average time spent by a packet in the MAC queue, i.e.,
from the instant it is enqueued until its transmission is complete” [40]. FD transmission
has the potential to reduce MAC delays because the transceiver can start transmitting
while receiving; thus each transceiver can transmit data frames as well as signaling
messages, e.g. acknowledgments, while receiving packets.
2.3.3 Fairness
A MAC protocol is considered to be fair if the channel is fairly shared among multiple
nodes and no preference is given to any node [41]. However, the definition of fairness
can be biased in a system having traffic with different priorities. In case of FD networks,
FD protocols need to accommodate existing HD users. Therefore, the access protocol
should not unduly favor FD users over HD for throughput gain.
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2.3.4 Properties of MAC protocol
At first, the reliability of wireless FD network should be address in the MAC protocol.
FD transmission can potentially degrade the link reliability, because of the reduced
SINR at PHY layer which directly couples the transmitted signal to its receiver. The
MAC protocol needs to consider these constraints in order to prolong network lifetime
and performance. Besides that, scalability and adaptability to changes in the size of
the network, a number of users in the system and in the network topology should
be handled effectively. A good MAC protocol should gracefully accommodate such
network attributes.
2.4 Research Challenges for FD-MAC Design
Despite the immense potential of FD transmission, there are several notable challenges
facing its development. This section discuss some of the key research challenges with
their possible solutions. The major challenges to improve the system level gain in FD
operations which are still needed to be addressed are as follows:
2.4.1 Increased intracell and intercell interference
In FD transmission, extra intracell and intercell interference is introduced when two
transmitters are involved in the FD link. Based on the duplexing schemes in a cell with
FD enabled BS and UEs, three possible transmission modes exist, as shown in Figure
2.1:
• HD-HD mode: A BS is operating in HD and connected with two UEs also
operating in HD on different radio resources.
• FD-HD mode: A BS is operating in FD and is connected with two UEs oper-
ating in HD on the same radio resource, one for downlink and one for uplink.
• FD-FD mode: BS and UE are both operating in FD on the same radio resource.
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HD-UE HD-UE
Inter-user 
interference
SI DL UL
FD-BS
FD-UE
 HD-HD mode  FD-HD mode  FD-FD mode
SI
SI
Figure 2.1: Transmission modes
In the case of FD-HD and FD-FD transmission modes, additional intracell and intercell
interferences deteriorate the system performance and corresponding SINRs. The impact
of interference on HD and FD operation in a single-cell and multi-cell environment is
illustrated in Figure 2.2 and Figure 2.3 respectively. Figure 2.2a shows the HD scenario.
The orthogonal channel access in time or frequency prevents interference between UE1
and UE2, but each UE accesses the channel for only half the time or bandwidth. On the
other hand, in Figure 2.2b. UE1 and BS operate in FD mode using the same resource
block. In this scenario, the residual SI, I1 and I2, will affect the transmission of both
downlink and uplink.
UE2
UE1
UL
DL
UE1
UE3
DL
UE2
I3
HD mode FD mode
(a) (b)
BS BS
Figure 2.2: Single-cell interference scenario
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Figure 2.2b also illustrates a scenario in which UE2 and UE3 operate in HD mode with
BS operating in FD mode on the same resource block. In this scenario, UE3 receives
interuser interference I3 from UE2 and BS suffers from residual SI I4 from its own
collocated transmitter.
UE2
UE1
UL
DL
UE1
DL
UE2
UL
I6
I5
HD mode
FD mode
(a)
(b)
UE4
UE3
UL
DL
BS1 BS2
I1
I2
UE3
DL
UE4
UL
I1
I4
I3
I2
BS1 BS2
Figure 2.3: Multi-cell interference scenario
In a multi-cell scenario, intercell interference plays an important part, as does intracell
interference. Demonstrating a two-cell scenario, Figure 2.3a shows an HD scenario in
which UE1 and UE3 are in downlink and UE2 and UE4 are in uplink. It is assumed
that all cells are synchronized, meaning that in a given time interval, all cells schedule
transmissions in the same direction. It can be noted that during HD operation, UE1
receives interference I1 from BS2 (which is transmitting to UE3 at the same time), and
BS1 receives I2 from the uplink UE4 of the neighbouring cell. In the FD scenario as
shown in Figure 2.3b, downlink UE1 not only receives interference I1 from the BS2, but
also I3 and I5 from the uplink UE4 and UE2. Similarly, uplink UE2 not only receives
interference I2 from UE4, but also I4 from BS2 as well as residual SI I6 from the
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collocated transmitter at BS1. Thus, the increased intracell and intercell interference
will limit the FD capacity, preventing the ideal doubling of capacity.
2.4.2 Asymmetric traffic accommodation
The characteristics of traffic over recent mobile communication systems have been
changing due to new multimedia services such as data and video traffic in addition
to voice. From the view point of traffic symmetry between uplink and downlink, mul-
timedia communications generally have asymmetric property in their traffic character-
istic. The asymmetric traffic would waste radio resource, and degrade its utilization
in communication systems if the resource distribution between downlink and uplink
were symmetric. This is because downlink or uplink may not have traffic to trans-
mit on the allocated resources, which results in under-utilization of radio resources.
Many approaches have therefore been proposed to accommodate asymmetric traffic
and the distribution of radio resources between downlink and uplink efficiently [42–47].
However, communication systems with a TDD scheme can adaptively allocate radio
resources (time slots) to uplink or downlink according to the balance between uplink
and downlink traffic. Therefore, research into efficiently accommodating asymmet-
ric traffic has mainly been carried out by focusing on systems employing the TDD
scheme [42–45]. The TDD systems have more flexibility than the FDD ones when
accommodating asymmetric traffic.
For FDD systems, adaptive cell sizing and multi-hop transmission techniques were
proposed as counter-space measures against performance degradation due to the non-
uniform traffic distributions between downlink and uplink. By using the adaptive cell
sizing technique in [46], each BS autonomously adjusts its coverage area by controlling
its pilot signal transmission power or its antenna beamforming so that the traffic load
becomes uniform across all BS devices. Moreover, in the case of multi-hop transmission,
as proposed in [47], the uplink band is used for transmissions from relay-stations to
destination UE devices to enhance the capacity in the downlink communication. Both
adaptive cell sizing and multi-hop transmission techniques are considered to be useful
for asymmetric traffic accommodation for systems with fixed radio resources. But these
techniques are based on network level scenarios to provide asymmetry in downlink and
uplink. As FD also inherit, fixed radio resource, not much research has been done
on asymmetric traffic accommodation in such systems. Therefore, it is considerably
important to investigate the accommodation of asymmetric traffic in FD networks due
to its inherent nature of symmetric distribution of resources between downlink and
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uplink.
2.4.3 Radio Resource Allocation
Radio resource allocation is crucial to reduce interference and distribute radio resources
and the corresponding transmission characteristic among multiple users in wireless com-
munication systems. In current HD systems, where downlink and uplink are orthogo-
nal, resource allocation can be optimized independently in downlink and uplink [48,49].
Wheeas, in FD systems, due to the coupling between downlink and uplink transmis-
sion power, resource allocation need to be optimized jointly. Therefore, extending the
already existing allocation algorithm is not possible.
To adopt FD communication, modifications to carrier sense multiple access (CSMA)
were presented in [29, 50]. However, it was observed that FD gain is reduced when it
is applied to CSMA based wireless networks due to reduced spatial reuse and asyn-
chronous contention [51]. Partitioning the interference region and allocating the fre-
quency resources for a single-cell FD system, cell partitioning was proposed in [52].
In [53], a system with a heuristic greedy resource allocation algorithm for UE selec-
tion in both FD and HD scenarios was simulated, which shows throughput gains of
57% and 99% in uplink and downlink respectively. The design considered in [53] used
fixed power allocation for downlink and uplink. Moreover, in all of the aforementioned
research activities, the residual SI at BS was ignored [52–54].
The throughput performance of FD wireless networks has been investigated in [35].
The result shows that the capabilities of FD systems can significantly increase the
aggregate throughput of wireless systems with FD-enabled BS and HD-enabled UEs
under symmetric traffic. The algorithm proposed in [35] is maintained by a centralized
controller that collects all the CSI of each user existing in the system and assigns
the available resource blocks to each BS such that the capacity is maximized. Thus,
each BS needs to forward the CSI received from each UE to the central control unit
and receive back the resource allocation information. But, centralized scheduling is
extensive because of the stringent time needed to exchange scheduling information and
the large feedback information required by the BS to transmit all the CSIs. However,
central control unit increases the overhead and have stringent time requirements to
exchange information [55].
Most of the works presented above assumed perfect cancellation of SI during FD op-
eration. However, in realistic system, complete cancellation of SI is not possible, this
2.4. Research Challenges for FD-MAC Design 20
raise concern to design a resource allocation which mitigation the effect of residual SI
and maximize the FD gain. Furthermore, to investigate the performance of large-scale
deployment of FD in the presence of residual SI is also necessary to explore the real
gains of FD systems.
2.4.4 Co-existence with legacy networks
The coexistence of FD and HD UE’s should be addressed and managed appropriately
to include FD in future wireless standards and to explore its applications in the cur-
rent infrastructure. Two UEs can make great FD link and benefit from the overall
performance, but they should not be allowed to starve other UEs. Thus, the protocol
should not unduly favor FD opportunities over HD flows. Moreover, in the coexistence
of HD nodes, there is also a need for identification of the nodes which are engaged
in an FD transmission. As in FD, multiple flows with random arrivals exist at the
same time, which leads to random instances. To cater these random instances, traffic
adaptive scheduling is needed to ensure fairness between HD and FD nodes. Traffic
adaptive scheduling can exploit interuser channel estimation and SI cancellation to be
more robust and helps to improve link reliability.
2.4.5 Energy consumption
Low energy consumption is key to meeting future requirements and expectations in an
affordable and sustainable way. FD networks are considered to consume more power
compared to HD as it requires to combat SI cancellation and increased intercell inter-
ference. There is a need to focus on energy efficiency aspects of FD communication
to make its usage viable for future networks. In this regard, operating uplink on low
power helps to a certain extent but still, more appropriate solutions need to be pro-
vided. There is also the possibility of exploring FD opportunities in wireless powered
networks for simultaneous wireless information and energy transfer as in [56]. Although,
it can be noted that there will be a decrease in transmission rate due to simultaneous
energy transfer, however, the gain is still much higher than the conventional systems.
This will open new challenges to design a MAC protocol for FD system to improve the
throughput along with the energy transfer.
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2.4.6 Full-duplex PHY layer support
FD transmission also requires appropriate synchronization policies and frame structure
to ensure a distortion-less environment for SI channel estimation at both UEs, which
is necessary for digital SI cancellation. Moreover, interuser channel estimation is also
needed for realizing FD transmission. The MAC protocol needs to support training
signal transmission intervals, to be used for SI and interuser channel estimation which
results in increased overhead.
2.4.7 Cross-layer MAC design from network layer perspective
For wireless communication, nodes use a routing protocol to select the best possible
route to be taken. However, just having an optimal route is not enough. The nodes need
to co-operate for successful communication to be achieved. Therefore, this section will
highlight the potential benefits of cross-layer MAC design with the network layer for
FD transmission. Significant research has not been carried out on integrating different
network layer protocols with FD MAC design. Potential benefits of cross-layer design
by exploiting the FD are reduction in end-to-end delay, node buffer space, jitter, and
increase in route lifetime.
End-to-end delays can be decreased with FD transmission since acknowledgments can
be sent at the same time as packets are received. Furthermore, the end-to-end delay
also has an effect on queue lengths in nodes which can further improve scheduling,
routing decisions and admission control. Furthermore, node buffer space requirements
are potentially reduced with the help of FD. In current HD systems, nodes need to
wait until the downlink period before sending acknowledgments. Similarly, downlink
has to wait for the uplink period. With FD, the nodes transmit with reduced delay,
resulting in reduced buffer space usage. It can also decrease delay jitter since queuing
delay can potentially be decreased. On the other hand, FD is considered to consume
more power due to SI cancellation. Though, this will increase the energy expended per
packet, route lifetime will be decreased as well.
To incorporate FD innovation in future wireless systems, FD needs new thinking and
the development of architectures to address the aforementioned challenges. This will
help realise the full set of benefits that this technology can offer.
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2.5 Existing Full-duplex MAC protocols for Infrastruc-
ture based Networks
Prior discussion argued that MAC layer techniques that exploit FD can mitigate hidden
terminals, reduce end-to-end delay, improve channel utilization and improve fairness.
However, the lack of a practical FD MAC layer prevented a thorough evaluation of these
claims. Some extensions of legacy protocols and protocols specially designed for FD
networks have already been introduced in the literature. In this section, the FD MAC
protocols proposed for infrastructure based networks are described briefly by stating
the essential behaviour of the protocols and highlighting their limitations.
In an infrastructure based network where a BS communicates with multiple users,
two modes of operation exist in which MAC protocol can function. The first mode of
operation is centralized in which all the BSs are connected to a centralized control unit.
The aim of the centralized control unit is to collect all of the network’s information
and then efficiently support multiple users in order to maximize system performance,
such as throughput, spectral and energy efficiency, and delay. The second mode of
operation is based on a distributed approach where each BS makes its own decisions and
efficiently support multiple users. However, the LTE-A system has abolished central
control units, because of the stringent time required to exchange information, and
relies on coordination among BSs through X-interface [55]. Therefore, in this section,
we will only consider distributed FD MAC protocols proposed for infrastructure-based
networks.
As mentioned above, FD transmission enables the bi-direction communication of data
packets. However, in a real environment, the data packets differ in length and also offset
in the time domain, resulting in hidden node problem (HNP). Furthermore, the data
traffic is usually asymmetric in nature, in case of FD transmission, relying completely
on data packets also results in HNP. To address this, Jain et al. proposed an access
protocol in the presence of asymmetric traffic with the concept of busy tone [20]. The
main idea of busy tone is to continue transmission with tone signal after the end of
the data packet until the corresponding reception ends. In this case, if two users have
a packet for each other, they can communicate in FD mode. However, this will result
in starvation of other nodes. Furthermore, it is expected that FD increases the overall
system throughput by a factor of 2 compared to HD, however, the proposed scheme is
able to achieve 45% increase in system throughput. The reason for such performance
is the limited queue size at the BS.
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To resolve the issue of node starvation, Sahai et al. proposed an FD MAC protocol (FD-
MAC) that enables the switching between FD and HD mode to ensure the transmission
of all nodes [27]. FD-MAC is a variant of IEEE 802.11 with three new protocol elements
which are shared random back-off, snooping to discover IBFD transmission opportunity,
and virtual contention resolution. With these modifications, nodes are enabled to
estimate the local topology, opportunistically initiate FD transmission, and to balance
the transmission of FD and HD nodes. The implementation of FD-MAC was realized
using WARP platform and it is shown that the 70% improvement in throughput can
be achieved with FD transmission as compared to HD systems. However, the increase
in throughput is achieved at the cost of increased delay due to packet reordering.
The presented work in [20, 27] considered the FD node to be fully hidden, therefore
ignored the interference user experience. If the interference is taken into account, the
system performance of FD will be decreased as the data packets are transmitted at low
data rates. Kim et al. proposed the Janus protocol to mitigate the effect of interfer-
ence and improve the system throughput in [57]. The proposed protocol considers the
partially interfering node to cooperate with each other and find a suitable transmission
power and transmission rate to improve the spectrum efficiently. The protocol com-
putes the optimal radio resource allocation using heuristic approach and also ensure
the fair sharing of the channel among all users. As the proposed protocol eliminates
the random back-off and allows users to transmit multiple packets, this results in lower
per packet overhead as compared to CSMA/CA. As a whole, the proposed protocol
achieves 150% more throughput than conventional HD systems. On the other hand,
the information exchange mechanism proposed cause overhead and latency issues, par-
ticularly for larger networks. Furthermore, the proposed MAC also requires users to
operate under interference and detect packets from BS. As the UE receives multiple
packets and cannot distinguish them before the header is decoded. This false detection
of an interfering packet will cause the UE to miss the desired packet.
Furthermore, Denize et al. proposed a MAC protocol called Synchronized Contention
Window Full Duplex (S-CW FD) to support FD operation in [58]. S-CW FD is a
modified form of IEEE 802.11 DCF protocol. Its basic idea is to synchronize two FD
nodes by sharing the information about the size of the next backoff window so that
they can access the channel at the same time and carry out FD transmission. In order
to start FD bidirectional transmission in S-CW FD, a node (either a station or the
AP) first needs to achieve a successful packet transmission based on DCF. This packet
coveys three control fields: fd is a one-bit eld to inform the receiving node to prepare
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for FD-bidirectional transmission, next bo contains the number of backoff slots of the
sending node for the next contention period, and fd master is a one-bit eld determining
whether the receiving node will act as a master or a slave. If the receiving node acts as
a slave, it will adopt next bo as the next backoff value. After the transmission of the
current packet is completed and acknowledged, the sending and receiving nodes will
carry out the backoff, and then start the FD transmission. The advantages of S-CW
FD is that it is compatible with legacy nodes operating the traditional DCF protocol,
and that it can operate in both infrastructure and ad-hoc modes. It has been shown
that with S-CW FD, around 1.5-2 times higher throughput is obtained over HD legacy
WLANs, when there are no hidden nodes in the network.
Another FD-MAC was proposed by Aimin et al. in [59], where BS is capable of FD
operation and all the users are HD enabled only. In this MAC, to exploit the FD
capabilities of BS, a packet-alignment based capture effect was considered to establish a
dual link. With this approach, BS and all the users need to continuously estimate SINR
resulting in an increase in complexity as well as the computational load. Furthermore,
to improve fairness, a virtual deficit round robin algorithm to select an appropriate
user for downlink was also presented. It has been shown through both analytical and
simulation evaluation that the proposed MAC significantly improve the FD performance
in terms of throughput, packet loss and latency as compared to HD. It is shown that
the proposed protocol improves throughput by 48% and 188% as compared to IEEE
802.11 DCF with RTS/CTS and without RTS/CTS, respectively.
A power-controlled MAC (PoCMAC) was proposed for FD infrastructure based net-
works in [60]. Similar to MAC protocol proposed in [59], this MAC also considers
FD enabled BS and HD enabled users in the network. The proposed MAC presents a
distributed interference estimation scheme to regulate the channel access among users
along with power control to maximize the system sum-rate. It has been shown that the
proposed MAC improve 180% of system throughput as compared to an IEEE 802.11-
based HD system, and 145% as compared to an FD system without any schemes such
as power control and receiver selection.
Table 2.2 contrasts the different FD MAC protocols that have been proposed for infras-
tructure based networks. It can be seen that the performance of [57] is much higher than
that of the other protocols where both BS and UE operates in FD mode. Unlike other
FD MACs, it allows the nodes to interfere with each other and cooperatively optimize
the sum-rate to efficiently manage the available channel and exploit the FD transmis-
sion opportunities. In addition, the proposed protocol batch all the ACK packets and
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Table 2.2: Comparison of different FD-MAC protocols
MACs UE mode % gain Fairness Delay Hidden node Interference
[26] FD 45% 5 5 Partly Prevent 5
[27] FD 70% 3 3 Prevent 5
[57] FD 150% 3 3 Prevent 3
[58] FD 50-100% 5 5 Prevent 3
[59] HD 48% 3 3 Prevent 3
[60] HD 180% 3 5 Prevent 3
transmit at the end of each frame, resulting in improve spectral efficiency. However, it
can be noted that the performance is good with symmetric traffic flow, which is not a
realistic case. Similarly, the performance of [60] is also very promising, however, it only
allows HD UEs which limit FD opportunities. Furthermore, most of the MAC protocols
proposed so far are missing key features like asymmetric traffic accommodation, power
efficiency and fair participation of HD nodes. Different features like the effect of packet
length on latency and throughput need to be evaluated in more detail.
2.6 Conclusion
Wireless FD transmission shows promising results in improving spectrum efficiency
and overall network capacity. The ability to transmit and receive simultaneously on
the same frequency band and in the same time slot are the major advantages of FD,
but there are several open problems that must be solved to make its usage viable for
practical systems. The MAC protocol design for FD is an open area of research and
will be of interest to both the industry and the academia as this technology matures
over the next few years. No doubt, FD has the capability to theoretically double the
spectrum efficiency compared to the HD system, but in large-scale wireless networks,
intracell and intercell interference significantly undermines the actual benefits of FD.
There is a need to re-design MAC protocol based on these new factors in order to
improve the network performance of FD systems.
Chapter 3
Asymmetric Traffic Accommodation in
Full-duplex Wireless Networks
In FD enabled cellular networks, the downlink and uplink are allocated with fixed
bandwidth. Therefore, it is not possible to alter the bandwidth allocation with the
increase or decrease of traffic either in downlink and uplink. A system with symmetric
radio resource allocation, i.e. FD, would waste the radio resource when the traffic is
asymmetric. Apparently, this is because uplink or downlink may not have traffic to
transmit on the allocated resources which results in underutilization of radio resource.
One way to increase the transmission rate without allocating more resources is to
increase the power that will result in higher SINR, providing an opportunity to transmit
more bits per symbol by using a higher modulation scheme.
However, during FD transmission, the SINR at each node depends not only on the
transmit power at the other end of the link, but also on the collocated transmitter
power as illustrated in Figure 3.1. This is because the SI level in the FD receiver
is a function of its own transmit power. It is noted that a FD receiver employs SI
cancellation mechanism but still a residual SI remains. The dependency of SINR on
the transmit power at both link ends creates the opportunity to adjust the SINR on
each node according to the traffic demand, and thereby the transmission rate, at both
ends. This chapter addresses the challenge of accommodating asymmetric traffic in
FD cellular systems. The proposed scheme exploits the dependency of SINR on the
collocated transmitter power to accommodate the asymmetric traffic in the downlink
and uplink to maximize the transmission rate of downlink satisfying minimum QoS
requirements for uplink.
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Figure 3.1: Power level in FD link budget
The main contributions of this chapter are:
• Analysis of the FD transmission link and identification of the PHY features that
can be exploited to improve the overall system gain
• A proposed cross-layer model consisting of power allocation method to accom-
modate asymmetric traffic by maximizing the transmission rate of the downlink
while satisfying uplink QoS. The formulated problem is a multi-variable linear
programming problem with constraints which can be solved with the simplex
method
• Extending the proposed model to multi-user scenario and providing a compre-
hensive comparison with the traditional HD system and FD system without the
proposed model
The rest of the chapter is organized as follows. Section 3.1 presents a cross-layer model
along with the PHY features that can be exploited for asymmetric traffic accommoda-
tion in FD wireless networks. Section 3.2 describes the system model under consider-
ation along with simulation parameters. The performance evaluation and discussions
on the investigation and validation of the proposed cross-layer model is presented in
Section 3.3. Finally, conclusions are discussed in Section 3.4.
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3.1 Proposed cross-layer model
By exploiting direct interactions across the multiple layers, a cross-layer design can
more efficiently support adaptation and optimization in wireless system performance.
Specifically, PHY can adapt the modulation, power, and coding to improve the net-
work efficiency based on the channel and network conditions, while the MAC layer can
adaptively allocate the resources based on the underlying link traffic and interference
conditions.
The objective of the proposed model is to allocate transmit power and rate to both
downlink and uplink transmission. The target is to maximize the downlink SINR,
xDL, with respect to the uplink SINR threshold T . In this work, a utility function is
used to adapt the power consumption and service quality efficiently, also to serve as
a means of accommodating asymmetric downlink and uplink traffic by minimizing the
underutilization of resources. Furthermore, there can be many different QoS constraints
depending on the specific applications like voice, video or internet traffic. Therefore, the
proposed model takes into account the QoS requirement of uplink transmission. That
is depending on the specific application, the proposed model guarantees the minimum
required transmission rate for downlink and uplink transmission.
A simplified FD radio link model is shown in Figure 3.2, where BS and UE transmit
PBS
Channel loss (go)
BS
DL
UL
SIBS SIUE
UEPUE
Figure 3.2: Full-duplex link
powers are PBS and PUE respectively. The channel loss at both downlink and uplink
is characterized by go > 1. It is assumed that efficient cancellation is employed to
suppress the SI at each link end. The residual SI after the cancellation at BS and
UE is denoted as SIBS and SIUE respectively. Given a single FD link and a channel
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loss go, a minimum uplink SINR threshold required to ensure QoS is given by T . The
objective is to find the appropriate power and rate allocation such that the maximum
downlink SINR, xDL, with respect to the uplink SINR threshold T , can be achieved.
The problem can be formulated as:
maximize
PBS,PUE
xDL = PBS − go − (PUE − SIUE)
subject to
(3.1)
0 ≤ PBS ≤ PBSmax (3.2)
0 ≤ PUE ≤ PUEmax (3.3)
xUL = PUE − go − (PBS − SIBS) ≥ T (3.4)
The constraints in (3.2) and (3.3) specify the valid power ranges for BS and UE in
the presence of SI cancellation respectively. The constraint in (3.4) specifies the min-
imum uplink SINR required to have an appropriate transmission rate for the service
in question. The problem formulated in (3.1)-(3.4) is a linear programming problem
with multiple constraints and can be solved with simplex method. The simplex method
works by finding a feasible initial point and then moving from that point to any vertex
of the feasible set that improves the objective function. The detailed algorithm is pre-
sented in Figure 3.3. Let assume go = 70 dB, T = 5 dB, SIBS = 90 dB, SIUE = 70 dB,
PBSmax = 23 dBm and PUEmax = 15 dBm. The corresponding problem can be repre-
sented by the following system of linear equations:
xDL − PBS + PUE = 0
PBS ≤ 23
PUE ≤ 15
PUE − PBS ≥ −15
PBS ≥ 0, PUE ≥ 0
(3.5)
Lets transform all the constraint in the form ≤ and the right-hand-sides into nonnega-
tive constants.
xDL − PBS + PUE = 0
PBS ≤ 23
PUE ≤ 15
PBS − PUE ≤ 15
(3.6)
Our goal is to maximize xDL, while satisfying these equations and, in addition, PBS ≥
0, PUE ≥ 0. To solve the presented problem with Simplex method, we first transform
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Figure 3.3: Simplex method
it into the standard form with the help of slack variable (s1, s2, s3) for the constraint
(3.2) and (3.4), respectively, as follows:
xDL − PBS + PUE = 0
PBS + s1 = 23
PUE + s2 = 15
PBS − PUE + s3 = 15
(3.7)
The initial table of the presented problem is as follows:
PBS PUE s1 s2 s3 xDL
1 0 1 0 0 0 23
0 1 0 1 0 0 15
1 -1 0 0 1 0 15
-1 1 0 0 0 1 0
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An optimal solution exists if all the coefficient is the last Row is positive. Therefore,
we have to choose the entering variable which is -1 of the last Row and corresponds
to Column 1 (pivot column). For determining the variable that leaves the base we use
the minimum quotient cut: min{23/1; 15/1} = 15 ==>S3 leaves the base and Row 3
is referred as pivot row. With this information, we update the tableau and generate
new coefficients as follows:
• Each value in the pivot row is determined by:
New value = Previous value / Pivot
• Each value in other rows in given by
New value = Previous value - (Previous value in pivot column × New value in
pivot row)
So the pivot is normalized (its value becomes 1), while the other values of the pivot col-
umn are canceled (analogous to the Gauss-Jordan method). The tableau corresponding
to this iteration is:
PBS PUE s1 s2 s3 xDL
0 1 1 0 -1 0 8
0 1 0 1 0 0 15
1 -1 0 0 1 0 15
0 0 0 0 0 1 15
This implies that the optimal solution is
(PBS, PUE, s1, s2, s3) = (15, 0, 8, 15, 0)
where (PBS, s1, s2) are the basic variable and (PUE, s3) are the non-basic variable
and the maximum value of xDL is 15. Note that PUE (a non-basic variable) has re-
duced to zero that determines the existence of multiple or infinite optimal solutions,
so the current solution is one of the optimum solutions. Now we take PUE as an
entering variable and Column 2 as pivot column. Using the minimum quotient cut:
Min{8/1; 15/1; } = 8 ==>S1 leaves the base and Row 1 is referred as pivot row. The
tableau corresponding to this iteration is:
3.1. Proposed cross-layer model 32
PBS PUE s1 s2 s3 xDL
0 1 1 0 -1 0 8
0 0 -1 1 1 0 23
1 0 1 0 0 0 23
0 0 0 0 0 1 15
With the same objective function, the new solution (PBS, PUE, s1, s2, s3) = (23, 8, 0,
23, 0) is, of course, also optimal. It can be noted that next attempt with the selection
of s2 column as a pivot will provide the previous solution, therefore there is no need to
pursue further. As the problem has two variables, it is easy to represent the feasible
region in graphical form as illustrated in Figure 3.4. As the Simplex algorithm starts at
(0,0) and travel along the x-axis to reach the first optimal solution which is at (0,15).
After that, algorithm continues to move to second optimal point at (8,23). Notice that
the objective function line PBS = PUE + 15 is parallel to the edge that begins at (0, 15)
and ends at (8, 23). Therefore, each point on this line is optimal, which depicts that
the downlink SINR reach a maximum value when the uplink is on the lower bound.
Thus, the optimal solutions exist on the lower boundary of the feasible region.
3.1.1 Pareto Optimal Solution
For an achievable downlink SINR xDL ∈ XDL, if there exist no other achievable downlink
SINR x
′
DL ∈ XDL satisfying xDL  x
′
DL, then xDL is a Pareto optimal point. The graph
of the feasible region presented in Figure 3.4 is called the design space for the problem
in (3.1) and (3.4) . The two axes are PBS and PUE, and the corner points are where
the constraints cross.
We already have solution set for the downlink SINR maximization problem as an ob-
jective function line PBS = PUE+15 that begins at (0, 15) and ends at (8, 23), which is
referred as Pareto Front. Now, we have extended our problem with second objective to
minimize the corresponding PBS and PUE. Note that, any point on the Pareto Front is
considered Pareto optimal. By moving along the line, the xDL will remain same but the
PBS and PUE will increase. To satisfy the second objective as well, the Pareto Optimal
solution is the lower corner of the line at point (0,15). At this point, both PBS and
PUE will be at minimum value that maximize the objective function.
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Figure 3.4: Feasible region (F): go = 70 dB, T = 5 dB, SIBS = 90 dB and SIUE = 70 dB
3.1.2 Adaptive Modulation
With the optimal power allocation, the appropriate modulation is chosen according to
the SINR value of uplink and downlink. Adaptive modulation enables the system to
support high data rate by varying the number of bits per symbol in accordance to the
instantaneous SINR, while satisfying a target bit error rate (BER) denoted by B. The
transmission rate R for M -ary quadrature amplitude modulation (M -QAM) is given
by [61,62].
R = log2(1 + xk) (3.8)
where
k =
1.5
− ln (5B) (3.9)
The minimum required SINR corresponding to the target B for M -QAM can be ob-
tained by [61]
xM−QAM =

2M+M
2
−2
3
(
erfc−1( (B)M log2M
2M−
√
2M+M
2
)
)2
2(M−1)
3
(
erfc−1( (B)
√
M log2
√
M√
M−1 )
)2 (3.10)
Where, erfc is the complementary error function. After the power control converges,
the appropriate constellation size is chosen according to the SINR value of uplink
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and downlink. Table 3.1 shows the minimum required SINR corresponding to various
modulations in the presence of additive white Gaussian noise (AWGN) [62].
Table 3.1: Required SINR and corresponding modulation for B = 10−3
Modulation Required SINR (dB)
BPSK 5.8
QPSK 6.8
16-QAM 11.6
64-QAM 16.4
3.2 Simulation model
The link level model with FD nodes considered is presented in Figure 3.5. An OFDM
signal of 20 MHz bandwidth is assumed. The desired signal channel is additive white
Gaussian noise (AWGN) which attenuates the signal at 70 dB. Assuming free-space
pathloss, this is equivalent to a separation distance of 38 m at 2.0 GHz or 15 m at 5.0
GHz between the nodes. Furthermore, the SI channel is assumed to be AWGN between
the receiver and collocated transmitter as it can be treated as noise. It is assumed that
SI cancellation is applied in which the cancellation capability does not vary with the
transmission power [63]. Moreover, the wireless data traffic considered is asymmetric
with more downlink traffic than uplink.
AWGN
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TXUEAWGN
RXBS
TXBS
BS UE
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Figure 3.5: Simulation Model
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3.3 Performance evaluation
To characterize the FD transmission and validate the performance of the designed
scheme, performance measure based on BER and throughput is considered with differ-
ent modulation schemes like BPSK, QPSK, 16-QAM, and 64-QAM. The performance
of proposed model is evaluated and verified in a single user scenario.
In Figure 3.6, the BER performance of the FD transmission with different modulation
schemes for downlink and uplink is shown. It can be noted that initially xUL is 20
dB to illustrate the effect of increase in xDL. The detrimental effect in xUL is due
to the increase in interference caused by the collocated transmitter. The increase in
collocated transmitter power will effect until a certain threshold after which BER of
the collocated receiver get worse and no more transmission is observed. The results
exhibit that with the increase in the downlink power level, xDL becomes better but at
the same time xUL degrades with the same factor. Thus, uplink with a low power can
coexist, as an underlay transmission, with the downlink on the same frequency band.
The coexistence depends on the transmission power at both nodes.
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Figure 3.6: BER performance of FD transmission
Figure 3.7 shows the downlink, uplink and total (combined downlink and uplink)
throughput gains for HD, FD and FD with the proposed scheme (FDP).
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Figure 3.7: Throughput comparison of HD, FD and FDP
Figure 3.7a. reveals that the proposed model can significantly improve the FD per-
formance compared to HD. For the cancellation factors of 90 dB at BS and 80 dB at
UE, the proposed scheme achieves about 52% gain in average throughput compared to
HD. Also, the downlink throughput gain with the proposed scheme (FDP-D) improves
by 10% compared to FD. Similarly, Figure 3.7b. shows that when the SI cancellation
factor increase to 100 dB at BS and 90 dB at UE, the proposed scheme achieves 60%
gain in average throughput compared to HD and the downlink throughput gain with
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the proposed scheme (FDP-D) improves by 15% compared to FD.
The results exhibit that with the increase in SI cancellation the performance of the
proposed scheme improves. Furthermore, it is observed that the downlink rate increase
with the degradation in the uplink (FDP-U) while satisfying the SINR and QoS con-
straints. The detrimental effect in uplink data rate is due to the increase in interference
caused by the collocated transmitter due to the increase in BS power. It is evident from
the result that uplink with a low power can coexist with the downlink on the same fre-
quency band. The coexistence depends on the transmission power at both BS and
UE.
Figure 3.8 illustrates the throughput gain for the HD, FD and FD with the proposed
scheme (FDP) in the presence of asymmetric traffic. It can be noted that in the pro-
posed scheme, the downlink is purposely started with low power and uplink with high
to highlight the gain achieved. Furthermore, the results exhibit that when the uplink
traffic is 50% less than downlink, the overall throughput of the system improves signif-
icantly. This is because of the trade-off that the downlink performance improves while
the uplink performance degrades. Furthermore, after achieving a saturation point of
the downlink, there is a degradation to overall system throughput. Thus, the proposed
model with power and rate control is effective for asymmetric traffic accommodation
in FD networks and depends on the transmission power at both BS and UE.
Figure 3.9 shows the cumulative distribution function (CDF) of throughput perfor-
mance of HD, FD with round robin scheduling (FDR) and FD with proposed scheme
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Figure 3.8: Throughput comparison in asymmetric traffic with SI cancellation factor
of 90 dB at BS and 80 dB at UE and uplink SINR threshold of 10 dB
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in a monte-carlo simulation for 500 drops. The SI cancellation of 100 dB at both UE
and BS and uplink SINR threshold of 5 dB is assumed. The assumption of low up-
link SINR is considered to highlight the gain that can be achieved with the proposed
model. It is observed the proposed model improves the downlink rate by 40% and
overall throughput by 10% compared to FDR. It can be noted that the downlink rate
increases with the same factor as the uplink rate degrade. Furthermore, the gain in FD
depends on the transmission powers at both BS and UE and also on the uplink SINR
threshold. Therefore, the proposed model helps to accommodate the asymmetric traf-
fic between downlink and uplink by choosing the appropriate power levels and uplink
SINR threshold.
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Figure 3.9: Throughput performance in multiuser scenario with SI cancellation of 100
dB at both BS and UE and with uplink SINR threshold of 5 dB
3.4 Conclusion
This chapter provides a model to accommodate the asymmetric traffic in FD net-
work when the communicating nodes employ SI cancellation. The cross-layer scheme
consists of power and rate allocation has been proposed to enhance the overall sys-
tem performance particularly downlink data rate keeping uplink at required QoS. The
throughput performance has been evaluated by simulations to analyse the FD transmis-
sion and demonstrate the effectiveness of the proposed scheme. The simulation results
reveal that the FD system with proposed scheme improves the downlink data rate up
to 40% compared to tradition FD system with round robin and an overall increase of
10% in system performance. The power allocation proposed in this chapter is further
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exploited in combination with resource block allocation to address the issue of radio
resource allocation in FD OFDMA wireless networks in next chapter.
Chapter 4
D-MAC Distributed MAC Protocol for
Full-duplex Wireless Networks
This chapter presents D-MAC, specifically designed for multi-cell FD cellular networks
assuming that all BSs and UEs are capable of operating in either FD or HD mode.
D-MAC is based on orthogonal multicarrier channels, such as orthogonal frequency-
division multiplexing (OFDM) and distributed approach for information exchange. D-
MAC proposes a control structure with interuser estimation mechanism to gather the
interference information in a distributed manner and makes the resource allocation
decisions based on this information. Furthermore, to effectively utilize the spectrum,
D-MAC has also taken the approach to batch all the ACK packets at the end of the
frame rather than scheduled after the corresponding data packet. As a whole, the
design of D-MAC includes a frame with control packet structure, message exchange
protocol, interuser interference estimation method and resource allocation for sum-rate
maximization of spectral efficiency. Main contributions of this chapter are as follows:
• Interuser interference estimation: To determine the accurate interference
with least overhead in FD communication is critical to optimize the transmissions,
therefore D-MAC proposes a novel message exchange protocol for the information
exchange with minimum overhead. With the distributed nature of D-MAC, each
BS independently collects information about the interference environment around
each UE which further reduce the overhead compared to centralized approach.
Because in centralized approach each BS has to send information to a centralized
control unit which is not the case in D-MAC. It helps D-MAC to maximize FD
transmission opportunities and to improve the overall performance of a system.
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• Identify all FD opportunities. To determine when and which nodes can
engage in FD communication is critical to identify as it requires an accurate
picture of interference in the network. In this regard, during FD communication,
interuser interference at UEs is required to be estimated.
• Resource allocation: FD communications is able to significantly improve the
system capacity as compared to HD system as seen in Chapter 3. However, FD op-
eration increases the aggregate interference i.e., intracell and intercell which limit
the performance improvements that can be achieved. This chapter investigates
how to improve the potential gain from FD transmission in small multi-cellular
system under such interference restrictions. To maximize the sum-rate in the
network with the interferences, the downlink and uplink UEs need to be properly
paired and a suitable resource block should be assigned to each pair. The BS also
needs to allocate proper power level to each UE such that the data rate of the
whole network is maximized. Due to the SI and interuser interference, the prob-
lem of resource allocation in FD is coupled between uplink and downlink channels
and requires joint optimization. Moreover, the combinatorial nature of pairing
multiple UEs and the complexity of optimal power allocation to UEs makes the
resource allocation in FD OFDMA network much more challenging task.
• Access delay reduction: FD transmission has potential to reduce the MAC
delay because nodes can start transmitting while receiving. Therefore, each node
can transmit both data frames and signaling messages, e.g. acknowledgements,
while receiving packets. The control structure proposed in D-MAC shows the
channel access delay can be significantly reduced with FD communication.
• Fairness provision: FD MAC need to take care of HD enabled users while
maximizing the spectral efficiency of the overall system. No doubt, throughput
can be increased if two users form a FD pair and communicate but they should
not be allowed to starve other users. Therefore, D-MAC includes fairness model
to tackle this challenge.
The rest of the chapter is organized as follows: Section 4.1 presents the system model
including the network architecture, SI cancellation, and fairness model under consid-
eration. Section 4.2 presents the proposed D-MAC frame and control structure which
includes message exchange protocol and interuser interference mechanism. Section 4.3
presents the resource allocation for FD system and the theoretical analysis for condi-
tions under which the FD system can outperform the performance of HD systems in
4.1. System Model 42
single-cell settings. Furthermore, the work is then extended for multi-cell scenario and
presents the resource block and power allocation algorithm that will be incooperated
in D-MAC. Finally, the concluding remarks are drawn in Section 4.4.
4.1 System Model
The system model assumed is similar to the LTE 3GPP standard and consists of mul-
tiple small cells randomly deployed in a large area according to 3GPP standard [64]
for the HetNet scenario. The assumptions for HetNet scenario are considered keeping
in mind the future work to ease the extension of the proposed D-MAC. In this work,
the focus is on low-powered small cellular systems, because they are more suitable for
FD operation given practical SI cancellation limits [65]. This is due to the fact that
in small cells the received signal strength will be high enough to overcome SI affect.
The detailed network architecture along with the SI cancellation, fairness, and traffic
models considered are presented in this section.
4.1.1 Network Architecture
Figure 4.1 shows UEs at random locations uniformly distributed over several small cells
within a large area. It is assumed that all BSs and UEs are capable of operating either
in FD or HD in each resource block through OFDM. The frequency band is composed of
N resource blocks, each of which is a group of 12 subcarriers. The network is assumed
to have up to Ib downlink and Jb uplink users in cell b, where the total number of cells
is B. The transmit power of the ibth downlink user and jbth uplink user in cell b on the
nth resource block is denoted by Pnib and P
n
jb
respectively, where ib ∈ Ib = {1, ..., Ib},
jb ∈ Jb = {1, ..., Jb}, b ∈ B = {1, ..., B} and n ∈ N = {1, ..., N}.
4.1.2 SI cancellation model
It is assumed that SI cancellation of ζnm can be achieved regardless of the transmit
power. Thus the residual SI is given by
Pni,b
ζnb
and
Pnj,b
ζnjb
at BS and UE, respectively.
4.1.3 Fairness model
D-MAC introduces a mechanism to guarantee fairness, while improving spectrum uti-
lization by leveraging simultaneous transmissions. To provide fairness among UEs in
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Figure 4.1: Network model for multi-cell scenario
accessing the channel, so that the algorithm should not unduly favor FD opportunities
over HD, D-MAC initially allocates resource blocks to the UEs in the same manner
as in an HD operation. The algorithm then identifies corresponding UE pairs to per-
form FD operation to maximize sum-rate of the resource block. If FD operation is not
possible, that particular resource block will continue in HD operation.
Furthermore, a UE can make an FD pair with more than one UE providing sum-rate
gain over HD. In this case, the proposed algorithm will provide each FD pair equal
opportunity to transmit for the sake of fairness. This will no doubt reduce the FD gain
over HD but there is always a trade-off between spectrum efficiency and fairness.
4.1.4 Traffic model
Wireless data traffic considered in this thesis can be either symmetric or asymmetric.
For the symmetric traffic, each UE has infinite backlogged data in both downlink and
uplink. This will increase the probability of FD-FD transmission mode as same UE can
be allocated in downlink and uplink. On the other hand, in case of asymmetric traffic,
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Figure 4.2: D-MAC frame structure
the chances of having FD-FD mode decreases as UE might not have traffic in either
downlink or uplink. This results in performance degradation due to less opportunities
for FD transmission.
4.2 Proposed frame and control packet structure
The main challenge in FD is to gather interference information at the BS and to de-
termine how to schedule simultaneous transmission so that spectral efficiency is max-
imized. In this section, the functionality and operation of the proposed D-MAC are
described. D-MAC uses the same physical structure as in LTE standard [64] and pro-
posed a control protocol at MAC layer to enable FD communication as shown Figure
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4.2. The frame is of 10 ms duration with 10 MHz system bandwidth. The whole sys-
tem bandwidth is divided into 50 resource blocks (RBs) of 180 KHz each as in LTE.
Furthermore, similar to LTE MAC, the D-MAC protocol operation is divided into two
phases namely; the control phase and data phase. The downlink control phase consists
of the broadcast packet, the announcement packet, and the ACK packet. Similarly,
in the uplink, a control phase includes the registration packet, the request packet, the
information packet, and the ACK packet. The functionality and operation of each
control packet are described in the next section. Moreover, like LTE, adaptive channel
modulation is applied only to data packets. Whereas, for the control phase, QPSK
modulation is applied.
Control packet transmission takes place in the first PRB of each frame. Due to the
FD communication, the UE can know the request result within a short period of time.
Indeed, as can be seen from the uplink/downlink frame structures detailed in Figure
4.2, the delay involved from the point when UE sends request to BS to the time that
UE realizes the result of contention is given in two parts namely; the processing delay
at the BS and the round trip propagation delay between the UE and the BS. The
processing delay at the BS is negligible as BS receives information from the UE in
third OFDM symbol and the announcement is sent in the sixth symbol. There is 0.14
ms for BS to figure out resource allocation, which is reasonable processing time for the
current wireless system. As this thesis focuses on small cells, the propagation delay is
also negligible as it’s on the order of 0.1 µs (for 30 m separation), which corresponds to
less than an OFDM symbol duration [66]. The processing delay at the BS is negligible,
because, at the time of sending the announcement packet to the UE, the BS has 0.14
ms to figure out the resource allocation. Thus, considering the worst case, the delay
of the result of the contention is less than 0.5 ms. On the other hand, in case of LTE
TDD system, the minimum delay of 5 ms is present to have a decision as it has to
wait for the whole uplink period. After the transmission of the request packet to the
BS, the UE simply listens for the subsequent announcement packet from BS which
includes the information about data slots allocated to the UE. After receiving the
announcement packet, a UE transmits his/her information packet in the corresponding
data slot assigned to it. If the data slot has not been allocated to the UE within this
frame, the UE has to wait and request again in the next frame. It can be noted that
scheduling of data slots is done for the current frame as well as the first PRB of next
frame.
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4.2.1 Message exchange protocol
This subsection presents the functionality of control packets and the operation of D-
MAC as shown in Figure 4.3. The BS initiates each cycle of the protocol by sending
BS UE
Registration subframe (new user)
Request subframe 
Traffic packet downlink/uplink
Information subframe
Announcement subframe
Acknowledgment subframe (data)
Acknowledgment subframe (data)
Broadcast packet
Guard period
Traffic packet downlink
Traffic packet uplink
Figure 4.3: D-MAC message exchange protocol
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a broadcast packet in the downlink. This packet helps in synchronization between BS
and UEs registered under the current BS and also allocate dedicated request slot to the
UEs for next frame which wants to register with the BS. On the other hand, when a
UE switch’s on, it scans all the nearby BSs and estimates the CSI and BSs interference
with the help of broadcast packets. The UE then transmits the registration packet in
the uplink to the BS. In the registration phase, if more than one UEs send registration
packets at the same time, a collision occurs and all the registration packets are lost if
capture effect is not considered. If UE has not received a dedicated request slot in the
next broadcast packet, it should sent registration packet again.
After the broadcasting and registration phase, the registered UEs which have traffic
packets to transmit will send a request packet in one of the dedicated request subframe.
The request packet is very short (24 bits), occupying only a mini-slot, as illustrated in
Figure 4.3. It contains the UE ID, traffic type (voice, video or IP data), packet size as
well as pilot symbols for CSI estimation. Note that during the request phase, no down-
link transmission will take place and the system will operate in only uplink direction.
This step will help UEs to estimate interuser interference and create a 2-dimensional
interference matrix with all the UEs in the system. The interuser interference calcula-
tion is described in detail in next section 4.2.2. Interference information is then shared
with the BS during the information subframe. At the same time, as scheduled in the
previous frame, data transmission from downlink takes place.
The collected interference information from UEs plus CSI is provided to the D-MAC
resource allocation algorithm. This algorithm uses the information to determine which
packets will be transmitted concurrently and at what data rate. The detailed resource
allocation of traffic subframe are sent to the UE through announcement subframe.
Then, the packet exchange will start based on the resource allocation in the traffic
subframe. If there is any other metric that needs to be enforced (e.g. fairness, QoS)
D-MAC could reflect it in the resource allocation algorithm. Furthermore, D-MAC
send downlink and uplink ACK at the end of a frame.
4.2.2 Interuser interference estimation
In D-MAC, the BS collects all the necessary information to make the FD resource
allocation decisions that are both fair and can maximize the spectrum utilization. To
make accurate decisions, interuser interference information at the UEs is needed. In
this regard, SINR is used to quantify the interference in D-MAC so that it can make
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the decision accurately. However, the main challenge is to identify the UE which
is generating the interference as the receive packet might be corrupt. In D-MAC,
during the request packet transmissions, UEs estimate the interference and create a
2-dimensional interference matrix which is then shared with the BS. As each UE has
a dedicated request slot, when the UE sends the request packet to BS, the other UE’s
receive that packet and estimate the interference. Dedicated slots help the BS to
identify the UE generating interference.
The interference matrix, {Ii,j}; refers to the interference strength that uplink UE j
generates on downlink UE i. Assume UE1 and UE2 operate in HD mode with FD
enabled BS in downlink and uplink, respectively. In this case, the interference at the
UE1 due to UE2 transmission is given as {I1,2}. Similarly, the diagonal elements of I,
refers to the interference when UE operate in FD mode with FD BS, reflecting the FD
SI cancellation capability.
D-MAC constructs the interference matrix through the cooperation of UEs and BS
during the request packet exchange and does not introduce additional packets as over-
head. After estimating the interference matrix, it is then shared with BS during the
information packets transmission. The interference matrix is measured in every frame
since the interference might change over time.
4.3 Resource allocation
This section discusses the challenge of designing an FD UE pairing and resource allo-
cation algorithm for multi-cell scenario, which is then in-cooperated within D-MAC.
D-MAC aims to maximize FD transmission opportunities while maintaining fair chan-
nel access for all UEs. Since FD link expands the interference range compared with an
HD link and degrades the SINR on each link as explained in Section 2.4.1. The SINR
of downlink UE ib of cell b on the nth resource block is given as:
xnb,ib =
Pnib
θnb,ib
zue + α
Pnjb
ζnjb
+ β
Pnjb
θnib,jb
+
B∑
k=1
k 6=b
γ
Pnik
θnk,ib
+
B∑
k=1
k 6=b
δ
Pnjk
θnib,jk
(4.1)
Similarly, SINR of uplink UE jb of cell b is as follows:
xnb,jb =
Pnjb
θnb,jb
zbs + %
Pnib
ζnb
+
B∑
k=1
k 6=b
γ
Pnik
θnb,k
+
B∑
k=1
k 6=b
δ
Pnjk
θnb,jk
(4.2)
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where, zbs and zue are the noise power per resource block at the BS and UE respectively.
θnb,k and θ
n
b,ik
are the radio signal propagation loss between BS b to neighbouring BS
k and between BS b to downlink UE ik respectively on the nth resource block, where
b, k ∈ B, n ∈ N. θnib,jk is the radio signal propagation loss between downlink UE ib to
uplink UE jk on the nth resource block. α, β, γ, δ, % ∈ {0, 1} and represent different
transmission mode in both current b cell and neighbouring cell k as follows:
• if b in HD-HD mode: α = 0, β = 0, % = 0
• if b in FD-HD mode: α = 0, β = 1, % = 1
• if b in FD-FD mode: α = 1, β = 0, % = 1
• if k in HD-HD mode: γ = 1, δ = 0, for downlink or γ = 0, δ = 1, for uplink
• if k in FD-HD or FD-FD mode: γ = 1, δ = 1
In traditional HD systems, it is possible to estimate the interference on each UE in
downlink due to the fixed location of neighbouring cell BS. Therefore, during the down-
link transmission, the problem of intercell interference is solved optimally and does not
require information of resource allocation of neighbouring cell. In this case, UE resource
allocation in downlink can be performed with the distributed algorithm. On the other
hand, in uplink, where the interferer is the UE of the neighbouring cell, interference es-
timation is critical without the resource allocation information from the neighbouring
cell. This applies to the FD system, in both downlink and uplink, where interfer-
ence from the neighbouring cell could be from a UE or BS or both depending on the
transmission mode of the neighbouring cell. However, in FD transmission, intracell in-
terference is dominant considering the practical limitation of SI cancellation algorithms.
On the other hand, with ideal SI cancellation, strong interference from neighbouring
cell BS’s dominate the low-powered interferer UEs. Therefore, the interference from the
neighbouring cell UE during FD operation can be ignored and the problem of intercell
interference in uplink can be resolved with the distributed approach.
However, one might argue that cell-edge UE of a neighbouring cell may generate se-
vere interference. This can be resolved by enhanced intercell interference coordination
(eICIC) techniques like in traditional HD system [69, 70]. Therefore, the resource al-
location problem in FD wireless systems can be decomposed into a single-cell problem
and solved with a distributed approach independently by each BS.
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It is clear from (4.1)–(4.2) that the co-channel intracell and intercell interference can
deteriorate the SINR. The dependency of downlink and uplink SINR on the signal
propagation channel and transmit power during transmission modes within each cell
suggests that FD operation should be used with an intelligent resource allocation that
selects transmission modes appropriately to achieve FD gain over HD operation. The
maximum achievable sum-rate of transmission modes at each SINR can be calculated
using Shannon’s formula for Gaussian channel, if SINR is known. The sum-rate of the
ibth downlink user, R
n
b,ib
, and of jbth uplink user, R
n
b,jb
, of cell b on the nth resource
block is given as follows:
Rnb,ib = W log2(1 + x
n
b,ib
) ∀nN, ∀bB,∀ibIb (4.3)
Rnb,jb = W log2(1 + x
n
b,jb
) ,∀nN,∀bB, ∀jbJb (4.4)
where W is the bandwidth of a resource block. As explained, a distributed algorithm
can calculate the rates of each UE in each cell, and make the UE resource allocation
decision for each cell optimally. Therefore, with the knowledge of SINR, the resource
allocation problem that maximizes the system spectral efficiency can be formulated as
follows ∑
b∈B
max
wnb,ib
,wnb,jb
,Pnib
,Pnjb

∑
ib∈Ib
∑
n∈N
wnb,ibR
n
b,ib
+ wnb,jb
∑
jb∈Jb
∑
n∈N
Rnb,jb
 (4.5)
subject to ∑
ib∈Ib
wnb,ib ≤ 1, wnb,ib ∈ {0, 1}, ∀ib ∈ Ib, b ∈ B, n ∈ N (4.6)
∑
jb∈Jb
wnb,jb ≤ 1, wnb,jb ∈ {0, 1}, ∀jb ∈ Jb, b ∈ B, n ∈ N (4.7)
Pnib ≤ Pbmax ∀n ∈ N,∀ib ∈ Ib (4.8)
Pnjb ≤ Pumax ∀n ∈ N,∀jb ∈ Jb (4.9)
xnb,jb ≥ γnb,jb ∀n ∈ N,∀b ∈ B, ∀jb ∈ Jb (4.10)
where Pbmax and Pumax are the maximum downlink and uplink transmission powers
that can be used on nth resource block respectively. wnb,ib and w
n
b,jb
are the resource
block allocation indexes for downlink and uplink, where wnb,ib and w
n
b,jb
equals to 1, if the
nth block is allocated to the user, and 0 otherwise. The constraint in (4.10) captures
the QoS requirement of uplink UE on nth resource block, where γnb,jb is jbth uplink user
SINR threshold of cell b for specific QoS.
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Unfortunately, the problem formulated in (4.5)-(4.10) cannot be expressed as a convex
optimization problem because the objective functions in (4.1) and (4.2) are non-convex
functions due to the interference terms. Furthermore, the above problem is a combina-
torial one due to the binary variables wnb,ib and w
n
b,jb
, which are intractable for a large
system [71]. Finding the optimal solution is computationally difficult and intractable
for systems with a large number of users and resource blocks. Consequently, instead
of seeking the global optimal, we have solved the problem with a sub-optimal itera-
tive algorithm. Furthermore, the proposed algorithm is then integrated with adaptive
modulation to highlight the FD gains by integrating cross-layer design as presented in
3.1.2.
To solve the problem presented in (4.5)-(4.10), this section provides a distributed al-
gorithm that runs by each cell individually as given in Algorithm I. The proposed
algorithm operates in two steps as follows:
4.3.0.a UE resource block allocation
The above problem in (4.5)-(4.10) is a combinatorial one due to the binary variables. To
solve the problem, we relax the binary allocation to take any real value in the interval
[0, 1] in order to make the problem convex as in [73, 74]. So, the constraints in (4.6)
and (4.7) can be replaced by. ∑
ib∈Ib
wnb,ib ≥ 0, wnb,ib ∈ [0, 1] (4.11)
∑
jb∈Jb
wnb,jb ≥ 0, wnb,ib ∈ [0, 1] (4.12)
With this relaxation, to maximize the system sum-rate, a greedy resource block allo-
cation algorithm is considered. Firstly, the transmission rate for HD operation Rnb,ib
for each downlink UE with the maximum possible transmission power is computed.
Similarly, in the next step, the algorithm computes a FD transmission rate Rnb,ib(jb),
where Rnb,ib(jb) refers to the rate of downlink UE ib when in FD mode with uplink UE
jb on the nth resource block. Clearly, when ib = jb, it represents the transmission rate
for a UE in FD-FD mode on the same resource block, reflecting the FD interference
cancellation capability.
Given the HD and FD transmission rates, the next step assigns the resource blocks to
both downlink and uplink. However, to ensure fairness, this step first assign the resource
block to the downlink users with the best rate in HD as given in (4.13). This step ensures
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that the algorithm does not unduly favor FD over HD. For the preallocated downlink
users, the algorithm then finds the corresponding UE pair for maximum achievable FD
transmission rate Rnb,ib(jb) for each resource block. If FD transmission rate provides
sum-rate gain over HD, the algorithm assigns the resource block to the corresponding
FD UE pair otherwise remains in HD operation as in (4.13).
wnb,ib =1, if ib = arg max
ib∈Ib
(Rnb,ib)
wnb,jb =1, if jb = arg max
jb∈Jb
(Rnb,ib(jb)) ⇐⇒ Rnb,ib(jb) ≥ Rnb,ib
(4.13)
4.3.0.b Power Allocation
For the given resource block allocation, the power allocation problem can be formulated
as follows: ∑
b∈B
max
Pnib
,Pnjb

∑
ib∈Ib
∑
n∈N
Rnb,ib +
∑
jb∈Jb
∑
n∈N
Rnb,jb

subject to (4.8) - (4.10)
where
Rn∼b,ib = R
n
b,ib
: wnb,ib = 1}
Rn∼b,ib(jb) = R
n
b,ib
(jb) : w
n
b,jb
= 1}
(4.14)
It can be noted that the problem in (4.14) is still non-convex due to the interference
term. Therefore, we solve the problem with an iterative approach as presented in I. It
can be seen that with the increase in transmit power, the interference on the collocated
receiver will also increase. Therefore, this step computes the transmission rate matrix
by iterative power control at the uplink. For each FD transmission timeslot, the uplink
and downlink transmission rates are updated iteratively on different uplink power and
the maximum transmission rates matrix at both downlink and uplink are obtained.
The complexity of algorithm depends on the step size and number of users in the cells.
After the optimal power and resource block allocation, the appropriate modulation is
chosen according to the SINR value of uplink and downlink as presented in Section
3.1.2.
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Algorithm I: Resource block and power allocation
Initialization: Pnib = Pbmax,P
n
jb
= Pumax
1: for ib ∈ Ib do
2: Compute Rnb,ib and R
n
b,ib
(jb)
3: end for
Resource Block Allocation
4: Rn∼b,ib = arg maxib∈Ib(R
n
b,ib
)
5: Rn∼b,ib(jb) = arg maxjb∈Jb(R
n
b,ib
(jb))
repeat
6: for ib ∈ Ib do
7: Perform iterative uplink power control with step size λ
8: Compute Rnb,ib and R
n
b,ib
(jb) for each uplink power
9: end for
until Stopping criterion reached
4.4 Conclusion
In this chapter, a distributed MAC protocol (D-MAC), specifically designed for FD
OFDMA wireless networks is presented. The control structure and interuser interfer-
ence mechanism proposed in D-MAC allow the BS to collect interference information
from UEs with least overhead and help to enhance the overall spectrum efficiency.
Based on the interference information, the D-MAC resource allocation sets FD pairs
among UEs in order to maximize spectral utilization and to share the spectrum fairly
among UEs. Furthermore, by exploiting the FD characteristics, D-MAC is capable
to allocate the radio resources for the current frame duration and significantly reduce
channel access delay.
The detailed performance analysis of D-MAC is presented in the next Chapter. The
evaluation of D-MAC is performed with different interference topologies and traffic
types to validate the performance of D-MAC.
Chapter 5
D-MAC Performance Evaluation and
Validation
This chapter presents the performance evaluation of the proposed D-MAC and the
respective interpretations are discussed in detail. In this regard, two use-case scenarios
are considered. Scenario I, assumes that only BSs are capable of operating in either
FD or HD mode whereas, UEs can only operate in HD mode. On the other hand,
in Scenario II, both BSs and UEs are capable of operating in either FD or HD mode
in each resource block. The performance analysis of D-MAC in these scenarios is
presented with both single-cell and multi-cell network architecture in the presence of
symmetric and asymmetric traffic. Moreover, the performance analysis of D-MAC
with fixed transmission power policy and D-MAC with uplink power control is then
compared with traditional HD system, FD system with round-robin scheduling and FD
system with exhaustive search. The performance evaluation of D-MAC is also presented
with and without adaptive modulator to highlight achievable gain with the cross-layer
approach. Furthermore, the detailed fairness and complexity analysis is also presented.
The main contributions of this chapter are as follows:
• Investigate how much of the potential spectral efficiency gain can be practically
achieved in the resource-managed FD wireless system in both single and multi-cell
environments in the presence of symmetric and asymmetric traffic model.
• Investigate the impact of intracell and intercell interference on FD enabled small
cells.
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• Differentiate the achievable gains with FD user pairing, power optimization and
adaptive modulation.
• Provide a comprehensive comparison of D-MAC with fixed power policy, D-MAC
with uplink power control, D-MAC with exhaustive search, D-MAC with round-
robin and traditional HD system.
The rest of the chapter is organized as follows: Section 5.1 presents the evaluation of
D-MAC control structure overhead and provides a comparison with the traditional HD
system. Section 5.2 describes the simulation scenario and the channel propagation mod-
els. Section 5.3 highlights the small cell use-case scenario under consideration. Section
5.4 highlights the performance evaluation of the proposed D-MAC in the scenario I,
where UE is capable of only HD operation. The evaluation is conducted in both single-
cell and multi-cell wireless system in the presence of symmetric and asymmetric traffic.
Section 5.5 presents the performance evaluation of D-MAC in scenario II, where UE is
capable of operating in both FD or HD modes. Furthermore, the performance analysis
of D-MAC with adaptive modulation in both single-cell and multi-cell systems is also
presented. The fairness analysis of the D-MAC is presented in Section 5.6. Section
5.7 highlight the complexity analysis of D-MAC with fixed power policy, D-MAC with
uplink power control and D-MAC with exhaustive search. Finally, concluding remarks
are drawn in Section 5.8.
5.1 Evaluation of D-MAC control channel overhead
In this subsection, the overhead of control structure proposed in D-MAC is evaluated
and compared with a similar HD system. The control structure proposed in D-MAC
is based on LTE structure as given in the previous chapter. Table 5.1 presents a
comparison of control overhead in D-MAC and HD system.
It can be observed that the control overhead of D-MAC in downlink is slightly less
than HD downlink. This is due to the fact that with FD transmission, the number of
available resource blocks for transmission get doubled. However, the increase in control
information do not increase with the same rate. Thus, more resource blocks can be
used for data transmission. Whereas, in uplink, the control overhead is slightly more
than HD uplink due to an additional information packet. This packet contains the
interuser interference information which is required for an FD transmission.
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It can be further noted that the control overhead is proportional to the number of
UEs operational in the cell. Using Table 5.1, with 20 UEs in a cell, the overhead of
D-MAC is 1.15 % for downlink and 4.58 % in uplink respectively compared to 1.26 %
in HD system for both downlink and uplink. On the other hand, with an increase in
the number of UEs in a cell, the spectral efficiency of D-MAC also increases as chances
of having more FD transmission increases. Although, the control overhead of D-MAC
is more than the HD system but still, the achieved spectrum efficiency gain is much
more than the overhead cost.
Table 5.1: A comparison of control overhead for D-MAC and HD system with N UEs
where N = 5
Control Packet RE required for D-MAC RE required for HD system
Reference signal
400 (downlink)
400 (uplink)
200 (downlink)
200 (uplink)
Broadcast packet 12 12
Registration packet 12 12
Request packet 12N: 60 12N: 60
Information packet (4+(8(N-1)))N: 180 0
Announcement packet 12N: 60 12N: 60
ACK packet downlink 4N: 20 4N: 20
ACK packet uplink 4N: 20 4N: 20
RE with no transmission 12N: 60 0
Total REs per TTI
8400 (downlink)
8400 (uplink)
4200 (downlink)
4200 (uplink)
Total RE per frame
84000 (downlink)
84000 (uplink)
42000 (downlink)
42000 (uplink)
Control overhead
0.65% (downlink)
0.8% (uplink)
0.69% (downlink)
0.69% (uplink)
5.2 Simulation parameters and channel model
This thesis considers multiple small cells randomly deployed in a large cell according
to 3GPP standard [18]. Each cell has multiple UEs for downlink and uplink at random
locations based on uniform distribution. The frequency band is composed of 10 MHz
bandwidth with 50 resource blocks, each of which is a group of subcarriers. The network
is assumed to have 10 downlink and uplink UEs in each cell, where the total number
of cells can be up to 16. Table 5.2 shows the simulation parameter under consideration
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derived from 3GPP standard [64]. The pathloss model for pico-cell environment as
given in [64] is used. At 2 GHz frequency, the line-of-sight (LoS) and non-line-of-sight
(nLoS) pathloss for BS to UE is given as:
Table 5.2: Simulation Parameters
Parameter Value
Bandwidth 10 MHz
Cell size 500 m
Number of small cells [1, 16]
Number of UEs per small cell [5, 20]
Min. distance small cell BS to UE 10 m
Number of resource blocks 50
Max. transmit power at BS 15 dBm
Max. transmit power at UE 10 dBm
SI cancellation at BS [80, 110] dB
SI cancellation at UE [80, 110] dB
Noise figure at BS 13 dB
Noise figure at UE 9 dB
Noise power spectral density -174 dBm/Hz
LLoSb2ue[dB] = 41.1 + 20.9 log10(d)
LnLoSb2ue [dB] = 32.9 + 37.5 log10(d)
(5.1)
The LoS and nLoS pathloss for BS to BS is given as follows:
LLoSb2b [dB] = 38.4 + 20 log10(d), d < 2/3
LLoSb2b [dB] = 40 log10(d)− 18.1, d ≥ 2/3
LnLoSb2b [dB] = 49.36 + 40 log10(d)
(5.2)
Similarly, the LoS and nLoS pathloss for UE to UE is given as:
Lu2u[dB] = 38.45 + 20 log10(d), d ≤ 50
Lu2u[dB] = 55.78 + 40 log10(d), d > 50
(5.3)
where d is the distance in metre and the probability of LoS (Prob) is given as:
Prob = 0.5−min(0.5, 5e(−156/d)) + min(0.5, 5e(−d/30)) (5.4)
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It is assumed that shadowing occurs in all channels, which follows a log-normal distri-
bution with a standard deviation of 10 dB between BS to UE, 6 dB between BS to BS
and 12 dB for the interuser channel.
5.3 Use-Case Scenarios
To evaluate the performance of D-MAC, this work considered small cell environment
as they are more suitable for FD operation because of low power requirements. Small
cell system supporting multiple simultaneous connections between the BS and UEs can
benefit from the fundamental advantage of FD transmission in multiple ways: i) using
FD operation for each BS to UE connection separately, ii) using FD principle in the BS
to enable simultaneous transmission to one UE and reception from another UE using the
same spectrum resources , iii) using FD technology for direct transmission link between
two UEs, or iv) using different combinations above mentioned communication modes
and conventional HD transmission modes. Therefore, to highlight the performance gain
that can be achieved by D-MAC, this chapter has considered the following two use-case
scenarios:
• Scenario I: FD capable BS and HD UEs, in this use case, the BS has FD
capability in order to improve the cell throughput. A straightforward idea is that
a BS can receive from one UE while at the same time transmit to another UE
on the same frequency band. In this type of FD applications, two interferences
dominate the performance. The SI at BS (uplink) due to its own transmission in
the downlink and interuser interference at downlink UE due to transmission by
uplink UE as explained in section 2.4.1.
• Scenario II: FD capable BS and FD UEs, it is also possible that both
BSs and UEs in small cells have FD capability. An intuitive application in this
scenario is that the BS always establishes an FD link to the scheduled UEs. By
doing so, each UE can transmit to and receive from the BS on the same radio
resources, while different UE will use orthogonal radio resources. In this type of
scenario, there is no interuser interference, in general. The SI at both BS and UE
side dominate the performance. Although it may not be necessary as BS might
allocate different UE in downlink and uplink.
This work validates the system-level performance of D-MAC in both scenarios through
Monte Carlo simulations. With the settings presented in Section 5.2, the simulation
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is run for different UE drops and generates results over 1000 random drops. The
evaluation is performed for both single-cell and multi-cell system models in term of
spectral efficiency, fairness and complexity.
5.4 Performance Evaluation of D-MAC in Scenario I
In this section, the performance of the proposed D-MAC is validated by assuming
use-case scenario I. In which, UE can only operate in HD mode. This will help to
investigate the effect of interuser interference on the FD transmission. The evaluation
is carried with different SI cancellation levels in both single-cell and multi-cell system
architecture.
5.4.1 Single-cell Analysis
In this subsection, the performance of proposed D-MAC is evaluated with 10 UE’s in
a single-cell scenario. The results are first generated for D-MAC round-robin resource
allocation with fixed transmission powers, i.e., maximum allowed power in both direc-
tions. For the HD system, in each direction, BS selects UEs in the round-robin manner
for all the resource block in downlink and uplink. For the D-MAC round-robin system,
in each resource block, same UE as in the HD system is considered with a randomly
selected UE for the other direction to make an FD pair. The performance of the D-
MAC round-robin is then compared with traditional HD system, D-MAC fixed power
policy, D-MAC uplink power control and D-MAC exhaustive search. Exhaustive search
algorithm computes the optimal power allocation for both downlink and uplink UEs
and maximum the transmission rate while making FD pair.
In Figure 5.1 the average spectrum efficiency of all the schemes with symmetric traffic
at different SI cancellation levels is illustrated. It can be seen that, there is no signif-
icant FD gain with D-MAC round-robin compared to an HD system. This is due to
the fact that round-robin does not take into account the interference information. This
highlights the need for an intelligent resource allocation algorithm to improve perfor-
mance during FD operation, which can benefit both downlink and uplink. Therefore,
round-robin for other scenarios is not considered.
Additionally, in Figure 5.1, the results are generated with the proposed D-MAC re-
source allocation procedure given in Section 4.3 with fixed transmission powers and
with uplink power control. It can be seen from results that D-MAC fixed power and
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Figure 5.1: Spectrum efficiency comparison of different schemes with symmetric traffic
at different SI cancellation level.
D-MAC uplink power control achieve almost the same spectrum efficiency as of D-MAC
exhaustive search. In other words, the power optimization during FD operation does
not significantly improve the combined downlink and uplink gain in FD compared to
HD. This is because the SI and interuser interference level in the FD receiver is a func-
tion of its own transmit power i.e., by increasing the transmit power; the SI or interuser
interference will increase. However, the dependency of SINR on the transmit power at
both link ends creates the opportunity to adjust the SINR on each node according to
the traffic demand, and thereby the transmission rate at both ends [76]. From a link
perspective, power control can be seen as a mean to control SINR of both downlink and
uplink jointly and to compensate for channel variations. But the cumulative downlink
and uplink gain will remain constant compared to HD system [76].
It is also observed in Figure 5.1 that the spectral efficiency gain increases as the SI
cancellation improved due to increased chances of FD transmission. However, when
the SI cancellation level reduced to 80 dB, the performance of FD is same as of an HD
system.
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Figure 5.2: Spectrum efficiency comparison of different schemes with asymmetric traffic
at different SI cancellation level.
On the other hand, when traffic is asymmetric, Figure 5.2 presents the spectrum ef-
ficiency of all schemes at various levels of SI cancellation. The results show that the
maximum gains achieved by the FD transmission with D-MAC in asymmetric traffic
condition are significantly higher than the HD system, but the gain is less compared
to the FD gain with symmetric traffic. This is due to the decrease in FD transmission,
as UE might not have traffic in both directions.
Table 5.3 shows the spectrum gains achieved with D-MAC fixed power policy system
with different SI cancellation in symmetric and asymmetric traffic respectively. Ac-
cording to the results, the maximum gain achieved by D-MAC is 52% and 31% more
than that of an HD system if the SI cancellation level is 110 dB for symmetric and
asymmetric traffic, respectively.
Table 5.3: Average spectrum efficiency gain of D-MAC fixed power policy over HD
system in single-cell scenario
SI cancellation [dB] 80 90 100 110
Symmetric Traffic 2.14% 17.82 % 45.09 % 52.12 %
Asymmetric Traffic 1.75% 9.10 % 27.3 % 31.19 %
5.4.2 Multi-cell Analysis
In this subsection, the performance of proposed D-MAC is evaluated in a multi-cell
scenario with sixteen small cells and ten UE’s per cell.
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In Figure 5.3 and Figure 5.4, the performance of proposed D-MAC is evaluated at
different SI cancellation levels in the presence of symmetric and asymmetric traffic
respectively. When compared with results in single-cell scenario i.e., Figure 5.1 and
Figure 5.2, the performance of D-MAC is slightly degraded in multi-cell scenario. The
results reveal that when the SI cancellation is below 100 dB, the intracell interference
is the dominant performance limiting factor even in high intercell interference scenario.
On the other hand, when an SI cancellation as high as 110 dB can be achieved, the
intercell interference is the dominant interferer. But as the small cells have low power
and deployed on random locations, the impact of intercell interference is not significant.
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Figure 5.3: Spectrum efficiency comparison of different schemes with symmetric traffic
at different SI cancellation level.
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Figure 5.4: Spectrum efficiency comparison of different schemes with asymmetric traffic
at different SI cancellation level.
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Table 5.4 presents the achievable gains in D-MAC fixed power policy system in the
multi-cell scenario. According to these results, the maximum gain of 45% and 29% is
achieved by the D-MAC compared to HD system with symmetric and asymmetric traffic
respectively. Comparing Table 5.3 and Table 5.4, it can be seen that the performance of
the proposed D-MAC is slightly degraded in multi-cell scenario compared to single-cell.
Table 5.4: Average spectrum gain of D-MAC fixed power policy over HD system with
proposed algorithm in multi-cell scenario
SI cancellation [dB] 80 90 100 110
Symmetric Traffic 2.32% 13.10 % 37.97 % 45.01 %
Asymmetric Traffic 1.47% 6.97 % 23.03 % 29.21 %
5.5 Performance Evaluation of D-MAC in Scenario II
In this section, the performance of the proposed D-MAC is evaluated in Scenario II. It
is assumed that all BSs and UEs are capable of operating in both FD and HD mode.
These performance results are obtained under different SI cancellation and simulation
parameters as given in Section 5.2.
5.5.1 Single-cell Analysis
In the subsection, the performance of proposed D-MAC is evaluated and verified in
a single-cell with scenario II. Similarly to the scenario I, a comprehensive comparison
of traditional HD system, D-MAC round-robin, D-MAC fixed power, D-MAC uplink
power control and D-MAC exhaustive search is drawn. Table 5.5 shows the spectrum
gains achieved with D-MAC fixed power policy with different SI cancellation in sym-
metric and asymmetric traffic respectively. It can be seen that, D-MAC with scenario II
provide high spectral efficiency compared to scenario I. This is due to the fact that dur-
ing scenario II, the probability of FD-FD mode increases, which results in no interuser
interference. In this case, the transmission depends on residual SI. Therefore, with
the increase in SI cancellation capabilities, the performance of the D-MAC improves.
The performance of the D-MAC operation degrades with a decrease in SI cancellation
capabilities. When the SI cancellation level is reduced to 80 dB, the performance of
D-MAC is same as of HD system. According to the results, the maximum gain achieved
by D-MAC is 62% and 49% more than that of an HD system if the SI cancellation level
is 110 dB for symmetric and asymmetric traffic, respectively.
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Table 5.5: Average spectrum gain of D-MAC fixed power policy over HD system with
symmetric and asymmetric traffic in single-cell scenario
SI cancellation [dB] 80 90 100 110
Symmetric Traffic 1.53% 17.28% 51.55% 62.79%
Asymmetric Traffic 1.41% 13.48% 42.03% 49.21%
5.5.2 Multi-cell Analysis
In this section, first, we present the average interference on the downlink and uplink
transmission when in FD mode from neighboring cell BS and UE. Figure 5.5 presents
the average interference on downlink and uplink from the neighboring cell BS and UE
when operating in FD mode with the serving cell. It can be seen that, during the
downlink, a transmission is affected by the interference from the neighboring cell BS
and uplink UE to the serving cell BS. It can be seen in Figure 5.5, that the interference
from the neighboring cell uplink UE is significantly lower than the interference from
the neighboring cell BS on the serving cell BS. Similarly, in uplink, the interference
from the neighboring cell UE is almost negligible as compared to interference from the
neighboring cell BS on the uplink UE of a serving cell. Therefore, as stated before,
the FD resource allocation can be addressed without considering the interference from
the neighboring cell uplink UE. It can be concluded that, the FD resource allocation
problem can be solved in a distributed manner by each cell independently, without the
scheduling information of neighboring cell uplink UEs.
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Figure 5.5: Average interference from neighboring cell BS and UEs
Table 5.6: Average spectrum gain of D-MAC fixed power policy over HD system with
symmetric and asymmetric traffic in multi-cell scenario
SI cancellation [dB] 80 90 100 110
Symmetric traffic 2.79% 22.31% 50.52% 59.19%
Asymmetric traffic 1.68% 19.15% 43.79% 48.13%
Secondly, the performance of proposed D-MAC is evaluated with scenario II in a multi-
cell scenario. Table 5.6 presents the achievable gains in D-MAC fixed power policy in
the multi-cell scenario. Similar to the scenario I, the results reveal that when the SI
cancellation is below 100 dB, the intracell interference is the dominant performance
limiting factor even in a high intercell interference scenario. But the results show
significant performance gain in scenario II as compared to scenario I. This is due to
the increase in FD UE pairing as UEs are FD capable. According to the results, the
maximum gain of 59% and 48% is achieved by the D-MAC compared to HD system
with symmetric and asymmetric traffic respectively. Compared to the scenario I, D-
MAC with scenario II can achieve up to 20% more gain compared to traditional HD
systems.
Figure 5.6 shows the FD gain in percentage over HD system for different cell coverage
ranges with SIC of 100 dB (the rest of the simulation settings are kept the same). The
figure shows that FD system will achieve a higher gain as compared to HD in cells with
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a small communication range. As the cell size increases, the required SIC to achieve
gain will be increased. As in small cells, the received signal strength will be high enough
to overcome the effect of the SI.
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Figure 5.6: Average FD gain with D-MAC fixed power policy for different cell coverage
ranges with SIC = 100 dB
Figure 5.7 shows the FD gain in percentage over an HD system for a different number
of users in a cell with SIC of 100 dB. It can be observed from the result that with the
increase in a number of users in a cell, the percentage gain in FD compared to HD
increases. The reason is that, with the increase in a number of users, the probability of
having more FD transmission will also increase. However, it is evident from the result
that, the increase is gain with FD is only significant up to a certain increase in users.
After that, no improvement in FD gain is achieved.
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Figure 5.7: Average FD gain with D-MAC fixed power policy for different number of
users in a cell with SIC = 100 dB
Figure 5.8 shows the FD gain in percentage over an HD system for downlink/uplink
traffic ratio. Results indicate a significant reduction in FD gain in comparison to HD
when there is no traffic in uplink. This is due to the fact that, if there is no traffic in
the uplink, the possibility of FD transmission reduce significantly. For example, with
the SIC of 90 dB, the FD outperform HD, when the uplink traffic is more than 50%.
These results clearly demonstrate the FD performance gain compared to those of HD
is more notable with high uplink traffic.
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Figure 5.8: Average FD gain with D-MAC fixed power policy for different down-
link/uplink traffic ratio on different SIC
5.5.3 Multi-cell Analysis with Adaptive Modulation
In this subsection, the proposed D-MAC is combined with cross-layer adaptive modu-
lator and the respective gain are presented.
Table 5.7 presents the achievable gains in D-MAC fixed power policy in a multi-cell
scenario with an adaptive modulator. According to the results, the maximum gain of
61% and 52% are achieved by the FD system compared to an HD system with symmet-
ric and asymmetric traffic respectively. Compared to Table 5.6, D-MAC with adaptive
modulation can improve the gain by 4% over the D-MAC without modulation. The
increase in gain is due to the fact that during the FD transmission, SINR deteriorates
due to interference as compared to an HD system. However in many cases, this degra-
dation might not be much and the transmission still lies within the same modulation
period, this will help in an increased gain with the modulator.
Table 5.7: Average spectrum gain of D-MAC fixed power policy over HD system with
symmetric and asymmetric traffic with adaptive modulator
SI cancellation [dB] 80 90 100 110
Symmetric traffic 7.19% 28.04% 52.16% 61.23%
Asymmetric traffic 5.09% 28.4% 47.0% 52.49%
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5.6 Fairness Analysis
In this subsection, Jain’s fairness index is computed twice. The first time is for D-
MAC protocol with different number of UEs in the cell without the fairness model.
The second time is for D-MAC with the fairness model. Fairness index measures how
the resources are shared equally by all UEs. Jain’s index gives the fairness criterion
taking into account all the UEs in the cell. Hence, the higher of this index, the better
fairness between all UEs. Jain’s fairness index, H(s), is given by [77]
H(s) =
(
Q∑
i=1
si
)2
Q
Q∑
i=1
s2i
(5.5)
where, Q is the total number of UEs in the system and si is the throughput of the
ith UE. Figure 5.9 and Figure 5.10 shows the comparison of Jain’s index for D-MAC
in the scenario I and scenario II, respectively. It is observed that as the number of
UEs in the cell increases, the value of the index for D-MAC protocol decreases. This
is because the fairness model only includes the number of resource blocks allocated
to the UEs, it would be much better if the rate of each UE is considered in fairness
model. As the thesis aims to highlight the impact of fairness model which can be
seen from the results when compared with unfair resource allocation for D-MAC. The
proposed fairness model significantly improves the fairness among users compared to
unfair resource allocation.
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Figure 5.9: Fairness comparison for scenario I
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Figure 5.10: Fairness comparison for scenario II
5.7 Complexity Analysis
To compute FD transmission rates of each downlink user with all the uplink users,
D-MAC fixed power policy has a computational complexity of O(IbJb), where Ib and
Jb are the total number of users in downlink and uplink in cell b respectively. Whereas,
the complexity of D-MAC uplink power control and D-MAC exhaustive search is given
by O((IbJb)δ) and O((IbJb)ϕξ) respectively. Where ϕ and ξ are the number of iteration
for downlink and uplink, depending on λ for BS and UE.
The complexity of D-MAC exhaustive search for resource and power allocation is ex-
ponential in nature and extremely high making it infeasible to implement in a real
network. A comparison in terms of number of iterations required is presented in Figure
5.11 for all the cases. It is evident that D-MAC exhaustive search has a very high
complexity and is not feasible to be solved in a practical system. On the other hand,
D-MAC fixed power policy have a significantly lower complexity. In fact, D-MAC fixed
power policy has very minimal complexity and provides approximately the same gains
in FD transmission as the optimal scheme. Therefore, it can be applied feasibly in a
practical network.
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Figure 5.11: Computational complexity comparison
5.8 Conclusion
This chapter presents the evaluation and investigation of proposed D-MAC. Simulation
results show that D-MAC can achieve 62% spectral efficiency gain with symmetric
traffic and 49% gain with asymmetric traffic over an HD system. Additionally, the
results also reveal that the intracell interference is the dominant performance limiting
factor even in high intercell interference scenario. It is also observed that during the
FD transmission most of the gain is coming from UE pairing. Power optimization does
not impact the performance gain significantly, because of the coupling of downlink and
uplink transmission. Moreover, cross-layer adaptive modulator helps to improve the
FD system gain significantly. The results suggest that despite of strong intracell and
intercell interferences, the proposed D-MAC achieves considerable spectral efficiency
gains in comparison to HD system and reduce the channel access delay to 0.5 ms.
Furthermore, unlike HD system, D-MAC is capable to allocate the radio resources to
UEs for the current frame by exploiting the simultaneous nature of an FD transmission.
Chapter 6
Conclusions and Future Work
In this chapter we summarize the achievements of work presented in this thesis and
briefly discuss possible directions for future work.
6.1 Summary of the Thesis
This thesis addresses some of the key challenges faced by FD enabled cellular systems.
Although theoretical research on FD communication has been extensively done so far,
however, practical aspects that will lead to the actual deployment of FD technology
still need to be addressed. Due to the impact of increased interference during the FD
transmission, it is not possible to achieve the theoretical doubling capacity gain as
promised. Therefore, there is a need to investigate how much gain can be actually
achieved with the FD transmission by evaluating in real-time scenarios before moving
forward. Secondly, the maximum potential of FD transmission can be reaped when the
traffic is available at both downlink and uplink. However, in practical systems, uplink
traffic is limited. This asymmetry in traffic between uplink and downlink results in
performance degradation during FD communication. Furthermore, any other crucial
challenge in the design of FD cellular system is the estimation of interuser interference
at UEs. Interuser interference is required to determine when and which UE can engage
in FD communication. Keeping all these challenges in mind, it is believed that to make
the most out of the unique characteristics of an FD PHY, it is important to design a
new MAC layer specifically for FD transmission.
In order to answer the aforementioned research questions, this thesis initially presents
a comprehensive overview of the challenges, opportunities and applications of FD com-
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munication. The work is then extended with a link level analysis of BER performance in
FD communication and also proposes a cross-layer model to accommodate the asym-
metric traffic in FD system. After that, the system-level analysis was done and to
mitigate the effect of intracell and intercell interference, resource and power allocation
algorithm is proposed and analysed. The objective of this work has been to investigate
how much potential gain FD can bring when deployed in large-scale wireless networks.
Based on these two solutions, D-MAC: a distributed MAC protocol for FD enabled
wireless cellular system is presented including frame and control structure, interuser
interference estimation method and radio resource management. D-MAC computes
the optimal schedule and transmission rates with local information within the cell in
a distributed manner and also ensures that channel access time is shared fairly among
all users. Furthermore, the delay involved from the point when the UE request trans-
mission slot to the BS to the time that the UE realize the result of the scheduling is
less than 0.5 ms.
Moreover, simulation results show that proposed D-MAC achieves up to 60 % spectrum
efficiency gain over traditional HD system in the multi-cell cellular scenario. It is
also observed that D-MAC outperform HD system when the SI cancellation level is
more than 85 dB. Moreover, it is seen that, during FD communication most of the
gain comes from UE resource block allocation or pairing and power control will play
significantly in accommodating asymmetric traffic between uplink and downlink. As
a whole, the proposed protocols in this thesis helps to significantly improve spectral
efficiency performance of FD enabled cellular system. The key conclusions that are
drawn from the research work presented in this thesis have been summarized as follows:
• In an FD transmission, the assigned frequency resource is fixed for both downlink
and uplink. If the traffic increases in the downlink, the BS cannot allocate more
resource even when the uplink resource is sufficiently large for the current uplink
traffic volume. To achieve efficient asymmetric traffic accommodation, the system
needs to increase the downlink transmission rate. The proposed cross-layer model
including power allocation and adaptive modulation improves downlink data rate
significantly resulting in an increase of overall system performance in the presence
of asymmetric traffic for FD networks.
• The results reveal that when the SI cancellation is below 100 dB, the intracell
interference is the dominant performance limiting factor even in high intercell
interference scenario. On the other hand, when an SI cancellation as high as 110
dB can be achieved, the intercell interference is the dominant interferer. But as
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the small cells have low power and deployed on random locations, the impact of
intercell interference is not significant.
• It is observed that power optimization during FD operation does not significantly
improve the combined downlink and uplink gain in FD compared to HD. This is
because the SI and interuser interference level in the FD receiver is a function of
its own transmit power. The dependency of SINR on the transmit power at both
link ends creates the opportunity to adjust the SINR on each node according to
the traffic demand, and thereby the transmission rate, at both ends. From a link
perspective, power control can be seen as a mean to control SINR of both downlink
and uplink jointly and to compensate for channel variations. But the cumulative
downlink and uplink gain will remain constant compared to HD system.
• It is also noted that FD provides gain improvement when combined with the
cross-layer modulator. The increase in gain is due to the fact that during the FD
transmission, SINR deteriorates due to interference compared to HD system. But
in many cases, this degradation might not be much and the transmission still lies
within the same modulation period.
• Lastly, the results highlight that the FD communication simplifies the traditional
resource allocation problem. No doubt, FD increase the aggregate intracell and
intercell interferences, but at the same time made the resource allocation problem
easy to solve. In traditional HD system, the problem of intercell interference is
solved optimally in the downlink direction. This is due to the fixed interferers i.e.,
BS in the neighbouring cells. On the other hand, in uplink, where the interferer
is the UE of the neighbouring cell, interference estimation is critical without the
resource allocation information from the neighbouring cell. This applies to the FD
system, in both downlink and uplink, where interference from the neighbouring
cell could be from a UE or BS or both depending on the transmission mode of
the neighbouring cell. However, the FD transmission is not affected by intercell
interference due to strong intracell interference. But even if intercell interference
affect the system, strong interference from neighbouring cell BSs dominate the
interferer UEs. Thus, the interference from the neighbouring cell UE during FD
operation can be ignored and the problem of intercell interference in FD can be
resolved optimally in both downlink and uplink direction.
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6.2 Future Work
Even though the work in this thesis achieved the best results published to date, still a
lot of work needs to be done. The proposed algorithms show promising performance
improvements as compared to conventional systems. However, there are other scenarios
and test cases which could be reflected on as future work. Some of the potential
extensions of the work done in this thesis are listed as follows:
• Although the most significant type of interference in FD enabled wireless networks
is the residual SI and interuser interference. However, future 5G networks are
expected to have heterogeneous networks (HetNets), comprising of large cells and
densely deployed small cells. In this case, interference from the large macro-cell
cells is also needed to be considered. Furthermore, the large macro-cell BS will
also be able to operate in either FD or HD mode. Small cells have low transmit
powers, so the coverage is shorter (less interference to nearby area), however,
if a small cell is located very close to macro-cell BS, they may develop inter-
tier interference i.e., interference from small cell BS to macro-cell users or from
macro-cell BS to small cell users. Solving this inter-tier interference issue along
with small cell to small cell interference could be one of the potential extensions
of the work presented in this thesis.
• The work in Chapter 4 focuses on control channel structure and does not include
pilot symbols specifically for FD. Whereas, in most of the proposed SI cancellation
algorithm, known pilot symbols are required to estimate the SI on each link end.
This challenge becomes an important aspect for future studies but require that
the accurate SI cancellation mechanism. This thesis skips this aspect as still in FD
SI cancellation is under investigation and no standard SI cancellation algorithm
has yet been presented.
• Another possible extension in the proposed D-MAC protocol is in fairness model.
Currently the fairness model tried to allocate the resources to all the possible FD
pairs in a round robin manner and only consider the number of resource blocks
allocated to UE. The fairness model should be extended to consider the rate of
each UE and therefore, allocate the resource to fairly distribute the resource in
terms of data rate. This will no doubt improve the fairness among UE but on
the other hand results in D-MAC performance degradation.
• Furthermore, there is still a need to investigate the deployment of FD communi-
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cating node in other scenario that operate in conjunction with cellular systems
such as backhauling networks, relay network and D2D communication. A system
level evaluation of such large-scale FD enabled wireless networks is still an open
research area. Analysis on such scenarios could lead to a better understand the
potential offered by FD technology and give key insights helping development of
smarter algorithms for future wireless networks.
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